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POTASSIOI SYMPOSIUM 

This ninnber of soil science is devoted exclusively to 12 papers that were pre¬ 
sented before the Division of Fertilizer Chemistry of the American Chemical 
Society at its annual meeting held at the Statler Hotel in Buffalo, New York, on 
Tuesday, September 8,1942. The meeting was attended by over 100 chemists 
who are concerned with the problem of the use of potassium as a fertilizer ele¬ 
ment. The papers give a fairh^ complete picture of the current status of our 
knowledge on the soil-plant interrelationships of this element. We ivelcome the 
opportunity to present the papers of this symposium for the benefit of the readers 
of this Journal. 

Fikvian E. Beau 


POTASH FIXATION IN CORN BELT SOILS^ 

E. E. DeTURK, L. K. wood, axd R. H. BRAY^ 

Illinois Agricultural Experiment Station 
Received for publication September 30, 1943 

The word ‘^fixation” has been a problem-child of soil scientists for many years. 
Perhaps its first use was in reference to nitrogen, following the famous discovery 
of Hellriegel and Willfarth. Nitrogen fixation is essentially a conversion of xm- 
usable nitrogen into forms usable not only by the host plant, but also, with 
fairly eas^" transformations, by plants growing subsequently. Its next use con¬ 
cerned phosphates. “Fixation,’’ applied to phosphates, had the opposite mean¬ 
ing, namely, conversion to forms imavailable, or at least less available, to plants. 
But what does ‘imavailable” mean? Does it mean not absorbable by plants at 
once, or not readilj^' changed into absorbable forms? Lacking a precise 
definition, quantitative determination of fixed pho^horus w^ould be impossible. 
For purposes of measurement, therefore, “fixation of pho^horus” has been de¬ 
fined by some investigators as removal from aqueous solution. Inevitably the 
third member of the triumvirate arrived, and we now have “potadi fixation.” 
like phosphorus fixation, “potassium fixation” has generally been conceived to 
mean conversion to unavailable or to less available forms. 

Soil potassium exists in many forms. First, there is a limited amount of 
w'ater-soluble potassium in the soil solution. Then there is a laiger amount of 
instantly replaceable potassium associated with the colloidal clay and perhaps 
also with organic colloids. This form, though not appreciably mobile in the soil 
mass is generally conceded to be readily absorbed by plant roots that make con¬ 
tact with it. The terms “replaceable” and “available” have come to be syn- 

1 Contribution from department of agronomy, Agricultural Experiment Station, Uni¬ 
versity of Illinois. Publii^ed with permission of the director of the experiment station. 

< The authors are glad to acknowledge the financial assistance afforded through a grant 
from the American Potash Institute, Inc., which made posable the research on many 
phases of this problem. 
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onjTDOus, therefore, in the minds of many soil investigators and agronomists. 
Nevertheless, in some publications “potassium fixation” has been defined as con-^ 
version from the water-soluble to the replaceable status. Next in order comes 
nonreplaceable colloid-held potassium, which can be removed to a greater or 
lesser extent by more rigorous means than ordinaiy salt leach and which under 
soil conditions is known to pass into the replaceable form. This colloid-held 
potassium, or at any rate a part of it, may thus be conceived of as difficultlj' re¬ 
placeable. Finally, the bulk of the soil potassium is contained in primary 
minerals such as muscovite, biotite, and feldspars. 

The present paper deals with but a small fraction of soil potassium, namelj’, the 
colloid-held potassium, both replaceable and nonreplaceable, and the interrela¬ 
tions between these forms. It is so restricted because colloid potassium is the 
portion of the total soil potassium chiefly concerned with supplying this element 
to crops both now and for many years to come in the climatic environment of the 
com belt. The adequac}’, conserv'ation, and possible increase of colloid potas¬ 
sium are of great economic significance. 

In this paper ‘‘potassium fixation” is defined as the change of water-soluble or 
replaceable potassium into forms that are neither water-soluble nor instantly 
replaceable. It is apparent that fixation of added potassium merelj" augments 
the supply of similarly combined K already present in ordinary soils. The 
amounts of nonreplaceable colloid potassium in soils are considerable, and 
widely variable, decreasing greatly in the most advanced stages of soil develop¬ 
ment- In a productive, dark-colored grassland soil for example, 5,300 pounds an 
acre, or 18 per cent of the total soil potassium, was found to occur as nonreplace¬ 
able colloid K. An old, worn, grassland planosol contained only about half as 
much, or 2,800 poimds an acre, which accounted for 11 per cent of the total K in 
that soil (7). The latter soil has long been serioudy K-deficient for crop pro¬ 
duction; the former has grown large crops for many years and is not yet K-de¬ 
ficient or likely soon to be. The potassium fixed from additions cannot be 
distinguished by methods now known from similarly combined potassium nat¬ 
urally present in soil colloids. 


THE SOILS STUDIED 

In the present study sm-face soils from the plowed depth of six Illinois experi¬ 
ment fields were used. They represent a wide range of soil conditions such as is 
found in many parts of the corn belt. Numbers 1 to 4 on the map (fig. 1) are 
nearly level soils formed from loess. All except No. 4 developed under grassland 
conditions. Number 1 at Alcdo is Sable silty clay loam, a dark-colored pro¬ 
ductive soil representative of stage 1 in development.® It is not potassium-de¬ 
ficient. Number 2 at CarlinviUe is Herrick silt loam, a grayish brown soil 
with tight clay B horizon, near stage 3 in development. It is somewhat deficient 
in potassium for high jdelds. Numbers 3 and 4 are very similar in character¬ 
istics, the former, Cisne silt loam, being a grassland soil, and the latter, Wjmoose 
silt loam, having formed xmder timber vegetation. They are stage 5 in develop- 

® This refers to the development-series of five stages established by R. S. Smith and E.A. 
Xurton for Illinois soils formed from Peorian loess of varying thickness on Rlinoian till. 
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ment, very old, poorly drained, with very heavy, impermeable B horizons, low in 
productive capacity and very deficient in potassium-supplying power. The soil 
of the Elizabethtown experiment field, Xo. 5, near the southern tip of the state is 
a reddish yellow silt loam, a worn hill soil, steep, and subject to serious erosion. 
The soil of the Dixon e35)eriment field. No. 6, is undulating to rolling grassland 
silt loam consisting of a Muscatine-Tama association. The soil used in this 
study came from an area of Tama. 



Fig. 1. Soil Expebiment Fields from Which Surface Soils Were Taken fob Potassium 

Fixation Investigation 

1. Aledo, Sable silty clay loam. 2. Carlinville, Herrick silt loam. 3. Toledo, Cisne 
silt loam (planosol). 4. Raleigh, Wynoose silt loam (planosol). 5. Elizabethtown, 
worn hill land. 6. Dixon, Tama silt loam. 

lilETHODS 

Several technics were used in these investigations, details of which will be men¬ 
tioned in connection with individual projects. One of the principal methods 
involved prolonged storage of the moist soil alone and with varying concentra¬ 
tions of K 2 HPO 4 and KCl respectively. A 2 -kgm. sample of the soil was stirred 
for 30 minutes with water or a solution of the respective salt (supplying up to 
9,775 parts K per million of dry soil) at a semiliquid consistency. It was then 
dried at room temperature to optimum moisture for crop growth (40 to 50 per 
cent of water-holding capacity), screened, sealed in Mason jars, and stored at 
room temperature for periods of 2 months to 3 years. At the end of given 
periods aliquots were removed, dried at room temperature, and subjected to one 
or more of the following treatments: (a) Determination of replaceable K by ex- 
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haustive 0.5 N HA c leach for comparison of treated soils with untreated soils 
both before and after the moist storage; ( 6 ) extraction of residue from (a) by 
boiling in 1.0 N HNO3; and (c) alternate 0.6 N HAc leach and moist storage for 
successive periods of 30, 30, 90, 90, and 90 days. 

In another study extracted colloids fractionated into three size-grades were 
kept in moist contact with excess of K2HPO4 and KCl respectively for a year, 
after w^hich the increase in potassium soluble in 1 iV and 5 N boiling HNO 3 was 
determined, as well as the gain in non-acid-soluble potassium. 

RELEASE OP NATIVE SOIL POTASSIUM 

At the outset, there is ample observational field evidence to establish the fact 
of release of soil potassium to the replaceable state. In the com belt, rarely is 
more than a very few seasons* supply’’ of replaceable K found in the root zone of 
either cropped or virgin soils. But many of the former soils have produced 50 
to 75 good crops of com and other grains, and promise to produce many more 
before a potassium deficit becomes evident. Whence can this K have come if 
not from nonreplaceable forms already in the soil? In 1932, biweekly measure¬ 
ments on the Ewing, Illinois, experiment field by the senior author showed a 
gradual drop amounting to 40 per cent of the replaceable K in the plowed depth 
from May to October, while a com crop was growing, but the original level was 
regained by the next May. A similar observation was made by R. H. Bray^ on 
the Dixon, Illinois, field with other crops. In another case a laboratory experi¬ 
ment was set up using eight wddely divergent surface soils, which were held in 
moist storage for 6 months after exhaustive HCl leach and removal of the free 
acid. The results (3) showed a recovery ranging from 38 to 130 per cent of the 
initial K level. In five of the eight soils, the KCl fertilized plot of long standing 
gave a greater percentage recovery than the paired untreated one, in spite of the 
fact that the amoimts of potassium applied were by no means sufficient to 
equal the K removal in the crops harvested. 

When soils as taken from the field w^ere kept under moist storage without pre¬ 
vious removal of the replaceable K, little change occurred even in a long storage 
period (5 years), as is shown by Bray.® The shift was a release in some cases and 
fixation in others. These results suggested the existence of an equilibrium be¬ 
tween the replaceable and nonreplaceable forms. Abel and Magistad’s results 
( 1 ) do not support the conception of a direct equilibrium for Hawaiian soils, be¬ 
cause the gain in replaceable K was as great with fallowed soils as with those 
growing a succession of crops that removed much of the replaceable K as it was 
formed. There was no appreciable leaching loss in their experiments. 

In order to examine the equilibrium possibility, Bray leached K-deficient and 
K-suppIied soils respectively with H+, Ca++, and NH 4 +, and then held them in 
moist storage for 6 months after adding increasing amoimts of K2HPO4. His 
results? give good evidence of a state of equilibrium since, in both soils, fixation 

* Unpublished work. 

® Bray, R. H. The chemical nature of soil potassium in relation to its availability 
in Illinois soils. Doctorate thesis, Univ. of lUinois, 1940. [Unpublished.] 

^Ibid. 
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occurred with hi^ K applications and release with small or with no additions. 
These results also diow that both the nature of the soil and the replacing ion, used 
for removing the initial replaceable K, influence the point at which the direction 
of the reaction is reversed. 

Still another technic indicates that this is an equilibrium-reaction, so far as the 
soils studied are concerned. Soils of widely different or^n and properties were 
heated in air at 200“C. for 6 days, during which twelve of them gained replace¬ 
able E while seven lost replaceable K (3, p. 104). These results indicate that not 
only does prolonged heating facilitate E fixation [as did also alternate wetting 
and (hying by Volk (6), Page and Baver (5), and others], but that it also fa¬ 
cilitates movement of E ions out of the fixed positions, the direction of the reac¬ 
tion again apparently depending on the balance between the two forms of po¬ 
tassium at the beginning of the heat treatment. 

WXATION OP ADDED SOLUBLE FOTASSITTM BY DIPPBRENT SOILS^ 

All the Illinois soils studied have been found to fix potassium in nonreplaceable 
forms, provided a sufficient concentration of E ion is brought into moist contact 
with them by addition as a soluble salt (table 1). The amounts fixed, as weU as 
the addition required to bring about fixation, vary with different soils, depending 
presumably on the amounts of colloid in the different soils; on the particle size 
distribution, the potassium content, and the mineralogicaJ constitution of the 
colloid; and perhaps on other factors. In most soils examined, the potassium 
extracted by 10 minutes’ boiling in normal HNOs was less than the amount pre¬ 
viously fixed, provided again that a sufficient concentration of E ion was in con¬ 
tact with the soil during fixation. The 500 p.p.m. addition, for example, was not 
sufficient to increase the non-acid-soluble E in the Aledo soil, thou^ it was 
sufficient in the other five soils reported in table 1. 

The time re(]uired for the establishment of equilibrium between the different 
forms of soil E was studied with four of the six soils, by making determinarions 
8,16, 25, and 52 weeks after additions of E2HP04. The equilibrium was stable 
after 25 weeks in most cases. Table 2 illustrates one of these cases. The princi¬ 
pal change between the sixteenth and the twenty-fifth wedr was the decline of 
acid-insoluble E from the peak value reached at 16 weeks to a level that re¬ 
mained constant after 25 weeks. This phenomenon occurred not only in the 
example given in table 2, but in 12 of 16 cases involving four different soils at 
four levels of potassium treatment. No explanation is offered. The only known 
environmental variation was that the laboratory temperature was somewhat 
lower during the first 16 weeks, ending the last of March, than during the next 8 
weeks, which included the transition to summer laboratory temperatures.’ 

^ In all the fixation studies hereafter reported, except as otherwise noted, K was added 
as EJBDPO 4 . Also the soils were air-dried after the fixation period before the replaceable 
K was lea(‘hed out. This method facilitated rapid leaching, but it was not adopted until 
comparative trials had shown that tho amount of K replaced was essentially the same 
whether the soil was leached while moist or was first allowed to dry. 

' Winter laboratory temperatures were approximately at night and 75° during the 
day. Summer temperatures varied between about 80° and 05°. 



E. E. DETURK, L. K. WOOD AND R. H. BRAY 


The effect on fixation of increasing amounts of added potassium is illustrated in 
figure 2 for two different soil types. It will be noted that in Tama silt loam, a 
soil in early maturity and of fairly high productivity, the amounts fixed increased 
regularly with increasing additions. In contrast, the very old planosol, Cisne 
silt loam, fixed much less K, except at the highest concentration added, at which 
it fixed 43 per cent more K than Tama. The maximum addition, 9775 p.p.m. 

TABLE 1 


Fixation of potassium by different soils after addition of K^HPOa 



INITIAL X ?K£S£MT 



son. 

Non- 

replaceable 

acid- 

soluble 



Adid- 

solttble 

Gain in 
add- 
insoluble 

Total 

nonre- 

placeable 

Aledo held, Sable silty clay 

p.pM, 

P,pM. 

p.pM. 

p.pjm. 

p.PM. 

p.p.m. 

p.prn. 

loam. 

Carlinville field, Herrick 

500 

154 

500 

497 

723 

-56* 

723 

silt loam. 

Toledo field, Cisne silt 

273 

42 

500 

203 

318 

294 

612 

loam. 

Raleigh field, Wynoose silt 

94 

1 

30 

500 

337 

97 

195 

292 

loam. 

Elizabethtown, worn hill 

S4 

64 

500 

256 

181 

211 

392 

land. 

251 i 

58 1 

500 

214 

430 

165 

595 

Dixon field, Tama silt loam. 

365 

52 

500 

302 

502 

115 

617 


*That is, 56 p.p.in. was released from acid>insoluble to acid-soluble, but still non- 
placeable, in the face of 500 p.p.m. addition on the soluble side of the equilibrium. 


TABLE 2 


Time required for potassium fixation equilibrium in Wynoose silt loam {Raleigh field)* 


TIUE OF MOIST CONTACT 

SEFLACEABLE PLUS WATES- 
SOLOBIS POTASSIUM 

AdD-SOLUBUS E 

GAIN IN ACID-INSOLUBLE E 

•weeks 

p.pM, 

P.P.M. 

p.pM. 

0 

564 

84 

0 

8 

327 

179 

142 

16 

269 

132 

247 

25 

1 272 

160 

216 

52 

j 256 

181 

211 


* Initial water-soluble plus replaceable K, 64 p.p.m.; 500 p.p.m. K added as KsHP 04 . 


amounted to one ^-mmetry concentration in the Tama soil but was 2.6 symme¬ 
tries in Cisne, so that the concentration with respect to the exchange capacity 
was mudi greater in the latter soil. These fixation curves indicate an adsorption 
tspe of reaction and they do not indicate that a definite Tini>.YiTniiTin fixation 
capacity has yet been demonstrated in either soil. If all the fixed K atoms fell 
into the centers of the oxj'gen hexagons of the cr3'stal lattices, as su^ested by 
Page and Baver (5), the fixation capacity would be definitely limited by the num¬ 
ber of such ^aces. But the K ions forced into such “fixed” positions in this 
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study may have been far short of such a maximuia. The increasing amounts 
iSxed with increaang additions, as well as the gradient in difficulty of removal, 
suggest that the K ions, whether or not they take the vacant positions in the 
o^gen layer, begin by taking places near the surfaces or edges of the particles, 
and they or succeeding ions penetrate to increasing distances between the lattice 
layers with increasing concentration of added K and with increasing time of con¬ 
tact. These observations do not controvert the possibility of complete penetra¬ 
tion and the attainment of a definite maximum capacity if sufficiently rigorous 
and long-continued treatments were employed. 
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Fio. 2. Amounts op Potassium Fixed during 1 Year by Two Soils pollowino Addition 
OP iNCiRBASING AMOUNTS OF POTASSIUM AS KjHPOi 

Amounts in parts per million of dry soil 
STATUS OP PIXBD K 

Another study has been started for the purpose of throwing more light on the 
status of fixed K. Only preliminary results have been obtained. One-micron 
colloid was removed from Tama silt loam and Cisne silt loam and fractionated 
into three sizes, i.e., 1 to 0.1,0.1 to 0.06, and less than 0.06 m effective diameter. 
Each sample was divided into three parts. One part was kept moist for a year 
mth no treatment, another with an equal weight of K as KiHP04, and a third 
with an equal weight of K as KCl. Then the replaceable K was removed with 
HAc and the residue digested 10 minutes in boiling N HNOj. The residue from 
that digestion was similaily boiled in 5IV HNO*, and the last residue subjected to 
total K determination by fusion. Five-normal HNOj was chosen for this ex¬ 
traction because previous trials on the whole soil using from JV to 10 iV concen¬ 
trations had tiiown that the K extracted leveled off at 5 iV. As the results are 
similar for the two soils, only those for Tama are given (fig. 3). The high po- 
tastium content of the coarse fraction indicates the ilhte nature of this colloid, as 
known from chemical, petrographic, and x-ray identification in similar soils (4). 
The superfine fraction is known to be chiefiy a btidellite-like mineral on similar 
grounds (2).® 

In all cases K fixation occurred. The gain in K soluble in normal HNOs was 


' Also unpublished work of R. E. Grim and R. H. Bray. 
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pronounced in all cases; that extracted by 5 iV' HNO3 was probably within the ex¬ 
perimental error. Gains in acid-insoluble K were inconsistent, but notably large 
in two cases, namely 2.4 and 4.4 parts per thousand in the coarse and superfine 
colloid respectively, when added as the phosphate. Digestion in boiling 5 N 
HNO3 removed measurable amoimts of Fe, Al, and Si02 along with the K, a fact 
which suggests partial destruction of the colloid. Should this occur, the results 
of analysis of the residue would likewise be vitiated. Although this study of the 
separated colloid requires confirmation, it does afford convincing qualitative 
evidence of potassium fixation in colloidal particles of all sizes below 1 11 and the 
evidence is equally comincing that the fixed K ions vary in status, i.e., in depth 
of penetration into the paiiicle, in mode of attachment, or otherwise to account 
for the observed gradient in ease of removal. 



Fig. 3 Fig. 4 

Fig. 3. Status of Fixed Potassium in Colloid prom Tama Silt Loam after 1 Year’s 
Moist Contact with an Excess of K Added as K 2 HPO 4 
Ratio: 1 gm. K to 1 gm. dry colloid equivalent 

Fig. 4. Conversion of Water-Soluble Potassium to Replaceable and Nonreplaceable 
Forms Following Addition to Soils as the Chloride and the Phosphate 

EFFECT OP ANION 

The comparative effects of the PO 4 and Cl anions on Tama silt loam whole 
soil were studied with 500 and 9,775 p.p.m. additions. Results of the latter are 
shown in figure 4. In this study the water-soluble and the replaceable K were 
separated by means of a preliminary 60 per cent MeOH leach. The relation be¬ 
tween replaceable and water-soluble K is noteworthy. A large part of the 
w^ater-soluble K (7,056 p.p.m.) was made replaceable when added as the phos¬ 
phate, whereas more than half of that added as chloride (5,400 p.p.m.) remained 
water-soluble. This behavior may be explained by considering the PO 4 ion as a 
link connecting some of the K ions to the colloid particle, in addition to adsorp¬ 
tion of K by the usual mecha nism . The PO 4 ion is known to replace OH ions in 
the clay colloids. One, two, or all of the three oxygens of the OH groups at¬ 
tached to the P atom in H 8 PO 4 may be conceived as replacing OH groups in the 
surface or in the edge of the colloid particle, giving an Al-O-P linkage. Such an 
arrangement with three-point attachment would place the entire base of the PO 4 
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tetrahedron in the colloid surface and could occur, if at all, only in a mineral like 
kaolinite in which a lattice surface consists of a layer of adjacent OH groups. 
One-point attachments are more to be e:q)ected in montmorillonitic days in 
which the Oil groups are farther apart. If only one OH is replaced, two nega¬ 
tive charges are available on the PO 4 to hold K ions, thus increasing the base-ad¬ 
sorbing capacity of the colloid without disturbing the normal base-exchange 
valences. If a two-point attachment of PO4 occurs, then one valence is added 
for K. Other factors conceivably might influence the manner of attachment of 
the phoi^hatc to the colloid, such as the number of K ions or other cations in the 
solution competing for positions. 

Actually, treatment of this soil for a year with K2HPO4 increased its base-ex- 
change capacity by several milliequivalents, as determined by the usual NEUAc 
leach, a fact which accords with the above explanation of phosphate effect. 

It will be noted that association with the PO 4 anion resulted in nearly doubling 
the amount of fixed K in both the add-soluble and the add-insoluble status, as 
compared to the chloride. It is not so easy to ■visualize the same type of medi- 
anism for the interior of the colloid partide as is postulated for the surface reac¬ 
tion. However one ■visualizes the fixation mechanism, it may be conceived that 
the PO 4 ion increases fixation by ■virtue of its increasing the replaceable K, i.e., 
increasing the concentration of K ions hdd in contact with the colloid surfaces. 

It has been suggested by Yolk (6) and others ■that potasdum, on being fixed in 
soil coUoids as a result of repeated wetting and drying at somewhat devated tem¬ 
peratures, may assume the status of a mica-like mineral, and both Yolk and Gie- 
seking*® have obtained confirmatory x-ray evidence. The authors have prepared 
no x-ray diffraction patterns of extracted colloids subsequently treated with H 
ion by moist contact but have photographed many such patterns of colloids ex¬ 
tracted from soils after the latter had been subjected to moist K contact as pre- 
■vioudy described. The results were negative except in a very few cases where 
faint strengthening of mica lines was observed. It is evident, therefore, that 
fixation produced by the moist contact technic did not proceed as far toward 
formation of a mica as with the more rigourous treatment used by other workers. 

RELEASE OF FIXED POTASSIUM 

As previously mentioned, it is not feasible to consider release of K fixed by 
additions as such, because this potassium in being fixed is merged ■with other po¬ 
tassium already in the colloid, which, so far as we know, is present in the same 
kind of physicochemical relationship. It is possible, however, to determine the 
increase in amounts of K released after such fixation and also to determine when 
in successive release periods the cumulative potassium released equals or exceeds 
the amount that had been fixed. 

Such determinations have been made on four soils after 3 years^ of moist contact 
with K additions. After esdiaustive 0.5 N HAc leach and removal of free acid by 
MeOH these soils were stored for five successive periods of 30,30,90, 90, and 90 

“ Gieseking, J. E. Agronomy Department, Univ. of Illinois, personal communication. 

See footnote, table 3. 
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days, with similar HAc and MeOH leach at the end of each period. The cumu¬ 
lative release of K during the 330 days is shown in table 3. 

In general, the greater the amount of potassium added, the more was fixed; 
and as more was fixed, greater amounts were subsequently released. The 
gradient of release, however, was less than that of fixation, and therefore where 
the greatest amount had been fixed only a small percentage was released. Fol¬ 
lowing the 200-pound addition, the amounts fixed and then released were about 
equal. With larger additions the release was always less than the amounts that 
had been fixed. Such fixation may represent a more rigorous removal of added 
K from circulation than the farmer wishes, but with very large applications it is 
certainly desirable that not all of it be available for the first few crops; otherwise, 
it might be susceptible to serious loss in drainage waters. 


TABLE 3 

Potassium released during S30 days in five successive periods, after fixation by 3 years** of 

moist contact 


X ADDED (XsHFOO 

POXASSIDlf SELEASED 

Aledo (Sable) 

Carlinville (Herrick) 

Toledo (Osne) 

Dixon (Tama) 

p.pm. 

p.p.m. 

p.pM. 

P.pM. 

p.pM, 

0 

174 

72 

52 

49 

200 

156 

104 

84 

116 

oOO 

225 

117 

126 

151 

1000 



147 

144 

2000 



166 

319 

9775 



258 

532 

500^ 




199 

9775’^ 




1075 


♦KCl. 

** Two years for Toledo and Dixon. 


A more optimistic point of view is to consider that in every case the build-up of 
colloid K (nonreplaceable) as a result of additions has increased the colloid K 
reserve and has also enabled the soil to deliver more potassium to the replaceable 
form in the first season (330 days) than was released in untreated soils. Thus 
the K-supphing power of the soil has been improved. Whether greater release 
will continue as a result of the gain in fixed Iv remains to be determined. 

PRACTICAL AND ECONOMIC SIGNIFICANCE OP POTASSIUM FIXATION 

From the practical and economic point of view two questions at once arise. 
The first is: What is the value of potassium that has been fixed in the soil? The 
preponderance of opinion among soils investigators until now has been that its 
value is greatly d imini shed by fixation, in some cases almost to the vanishing 
point. The reason for this judgment is that fixation interferes with the im¬ 
mediate utilization of potash fertilizers by crops. On the other hand, as has been 
found for Illinois soils, fixation occurs slowly enough that most of the potassium 
absorption by the current crop will have taken place before the TYifl YiTnuTYi fixation 
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is accomplidied, especially if the potassium is applied by the hill or row method, 
and thus interference with plant absorption during the season of application may 
not be of major importance in com belt soils. Not all of a potash application is 
ordinarily taken up by the first crop, and fixation, as well as conversion to the 
replaceable status, decreases the loss of unused potassium in drainage water. As 
to what proportion, if any, of the potassium fixedispermanently removed from the 
possibility of crop utilization, nothing final can be said. Certainly, the Illinois 
studies to date show that amounts significant in crop growth can be recovered 
the first year after a 3-year fixation period. There appears no reason to doubt a 
smaller but still significant release in subsequent years. It is probable that po- 
tassiiun fixation has been a more serious handicap in crop utilization from fer¬ 
tilizer applications in other regions than in the com belt; and it is likewise possible 
that fixation in com belt soils may be more serious in dry seasons than was the 
case in these studies, in which the soils were kept continually moist. 

The protection against leaching loss by fixation following large potash applica¬ 
tions, which are now of considerable interest, is a certainty; and the studies here 
reported indicate that such additions result in a build-up of the coUoid-held po- 
tassiiun reserve, which is the reservoir from which supplies of available K for 
crop production are derived year by year. Large potatii fertilizer additions 
should thus be expected.to lei^hen the potastium-supplying life of the soil. 

This interest in large potash applications leads to the second question: Will 
the leaching losses incident to such additions result in so great a wastage before 
fixation becomes effective as to preclude this method of using potash fertilizers? 
We shall not attempt an answer at this time. Two observations have been 
made, however, which have a bearing on the question. Three years ago addi¬ 
tions of KCl were made in the field at the rates of 1 , 2 ,4, 8 , and 20 tons an acre. 
Qualitative tests show that during the 3 years vertical penetration and accumu¬ 
lation have occurred at least to the B horizon, and laterally for several feet. 
No plants grew after the 20-ton dosage for 2 years, but in the third season the 
best lookup oats in the field grew on this area. The grain yield equaled that in 
the rest of the field. The second observation was made on lysimeters 1/1200- 
acre in area and 5 fcot deep in which com was grown. Additioius of KCl and of 
K 2 HPO 4 were made 18 months ago at the rate of 1 ton an acre. During the first 
12 months, with runoff prevented by walls extended above the surface, no excess 
potassium appeared in the drainage water as compared to xmtreated tanks, hut 
large increases were found in the drainage loss of calcium and magnesium. These 
observations do not surest a likelihood of serious potassium leadiing losses from 
heavy dosages. 

SXTMMAnT 

A study of the results of investigations herein reported with Illinois soils and of 
work by other investigators leads to the belief that potassium fixation is well-ni^ 
universal in the soils of the com belt when soluble potassium salts are added. 

It has been found to occur gradually under moist storage conditions, reaching 
equilibrium in about 6 months. Evidence submitted supports the theory that 
fixed potassium is in equilibrium with that in the replaceable status, tince the 



reaction can be made to go in either direction by altering the concentration rela¬ 
tions. Significant release to the replaceable form has been attained within 30 
days under conditions of nonequilibrium favorable to release (removal of replace¬ 
able K). The amounts so released in 330 days were greater in soils that had been 
allowed to fix K from additions than in untreated soils. Although recovery of 
amounts equal to the quantity previously’’ fixed has not yet been attained where 
the amounts fixed were large, it is reasonable to expect that this will be ac¬ 
complished with sufficient time. 

The amount of potassium fixed after uniform additions varies wdth different 
soils, but no precise correlation has been established between the amounts fixed 
and base-exchange capacity or any other soil characteristic. No maximum limit 
of fixation capacity has been demonstrated by means of additions up to 10,000 
p.p.m., equivalent to 20 tons of KCl an acre. 

Addition of potassium as the phosphate results in greater K fixation than addi¬ 
tion of equivalent amounts as the chloride, and also results in a higher ratio of 
replaceable to water-soluble K. The latter phenomenon is explained as probably 
due to P 04 ’s serving as a link between K ion and colloid particle, by replacing one 
or two OH ions in the latter for each PO4 ion adsorbed. 

Significant amoimts of K w’ere foimd to be fixed by extracted soil colloids of 
three different particle size grades, all less than Ifi in effective diameter. Some 
of the potassium thus fixed was not extracted by boiling in 5 iV HNO3. 

Potassium fixed from additions is considered as an addition to similar forms al¬ 
ready present in the soil colloids, which are the reseiwoir for year by year renewal 
of replaceable potassium following its removal in crops and drainage water. 

Although fixation may interfere with inunediate crop utilization of potassium 
added in fertilizers, it retards wastage by leadiing and adds to the natural reserve 
of soil colloid potassium which is partly recoverable in a few weeks and perhaps 
completely so in a longer time. These results afford evidence that potassium 
fixation in com belt soils has merits which counterbalance in considerable meas¬ 
ure its recognized disadvantages. 
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Carbohydrate formation is the particular role commonly assigned to po¬ 
tassium. This does not deny possible precursor service in the production of pro¬ 
teins, when these bear close structural resemblance to carbohydrates. The 
specific performances of potassium, however, are still enshrouded in mystery. 
With fuller understanding of the behavior of nutrient elements m the soil there is 
hope of elucidating potassium performances in both soil and plant. It was 
through the use of colloidal clay as a growth medium, that the concepts reported 
in this paper regarding potassium were formulated. 

RELATION OP SOIL DEVELOPMENT TO POTASSIUM OP COLLOID 

Potassium makes up a part of the crystal structure of colloidal clay. It is also 
adsorbed on the clay suiface in a mobile form. In the beidellitic clay of Putnam 
silt loam, more particularly the fraction consisting of electrodialyzed particles 
with maximum dimensions of 0.2 /i, the potassium within the crystal comprises 
less than 1 per cent,^ whereas that in the adsorbed form may be as much as 2.535 
per cent of the weight of the clay, of which the exchange capacity is 65 m.e. per 
100 gm. As this clay occum naturally in the soil, however, only a small portion 
of the exchange capacity is taken by potassium. The maximum is usually 0.1 
per cent of the weight of the clay, or less than 5 per cent of its capacity. 

Magnesium stands next to potassium in amount within this colloid crystal. It 
is also low in the exchangeable form.^ Within the crystal, calcium is less than 
one fifth of the potassium. In their exchangeable forms, however, the calcium 
may be 10 times as great as the potassium. 

These relations vary within different soils imder different degrees of develop¬ 
ment. It is because of the resulting changes in the clay crystal, in the adsorbed 
nutrient cations, and in the accompanying amounts of the adsorbed nonnutrient 
hydrogen, that the soil may control both the kind and the amount of vegetation. 

Potassium behavior on the colloidal clay, even when this is isolated from the 
other scpai-ates of the soil, is complicated by the fact that the clay varies in its 
crystal composition and in its exchange capacities and components, as a conse¬ 
quence of the climatic and other factors that produced it. The parent material 
of the clay is apparently not a significant determinant. 

Analyses by Brown and Byers (4) of eight colloids from the Bi horizons of eight 
different soils of granitic origin in the humid region under variable temperature on 

^ Contribution from the department of soil, Missouri Agricultural Experiment Station, 
Journal Series No. 865. 

‘ See analyses by Marshall (11) and by Ferguson (5). 

* Unpublished data of E. O. McLean and W. J. Pettijohn. 
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the eastern slope of the Appalachians showed that K 2 O ranged from 0.14 to 1.58 
per cent, CaO from 0.04 to 0.76 per cent, and MgO from 0.07 to 1.36 per cent. 
In only one case was the amount of potassium less than that of calcium. Similar 
studies of nine colloids in Bi horizons from limestone valleys in eastern United 
States by Alexander et oZ. (3) showed that K 2 O ranged from 0.15 to 2.30 per cent, 
CaO from 0.10 to 0.77 per cent, and MgO from 0.49 to 2.18 per cent. In each 
case the potassium content was higher than the calcium. In a tenth case aU three 
constituents were high, and the calcium was higher than the potassium. These 
two studies point to dominance of potassium over calcium in the colloids in well- 
developed soils, whether of granitic or limestone origin. 

In some so-called “very young” soils in the Hawaiian Islands, Hough et cd. 
(8) report eight of nine colloids higher in calcium than m potassium. In so-called 
“older” soils from similar parent materials, three of five had more potassium 
than calcium in their colloids. This suggests, in agreement with the other 
analyses, that weathering under higher rainfall gives colloids of higher potassium 
than calcium content, whereas under lower rainfalls calcium may dominate over 
potassium in the “younger” colloids. The potassium content in the crystal of 
the colloid may, then, be mainly a matter of climatic origin. 

In a recent study (13) of the clay fraction of the loessial soils of central United 
States so selected as to maintain all other factors in soil development constant 
while rainfall and temperature increased, it was clearly demonstrated that po¬ 
tassium behavior must be viewed in relation to several variables affecting both 
the colloidal clay and the plant nutrients derived from it. This is illustrated by 
the data in table 1 for four loessial profiles of silt loam in different locations ex¬ 
tending through r ainfa ll increase from 27 to 55 inches. The temperature increase 
in these four locations was from 8.72 to 17.66®C. 

With increasing r ainfall and temperature, the nature of the clay changed 
markedly as its silica-sesquioxide ratio narrowed from 5.06 to 2.56, and its ex¬ 
change capacity decreased from 73 to 44 m.e. per 100 gm, of clay in the B horizon. 
At the same time potassium, in general, occupied an increasingly smaller per¬ 
centage of the exchange capacity. Since at Sioux City, Iowa, the potassium 
saturation was only about 2.5 per cent, its reduction to less than 1.5 per cent at 
Wickliffe, Kentucky, with an increase in rainfall of 21 inches means decidedly 
reduc^ supplies of available potassium for plants. These facts indicate that 
there is cause for concern about potassium for crops when the exchangeable sup¬ 
ply is no larger than 100 pounds per 2,000,000 of soil, as in these more highly 
weathered soils. The weathering forces are reflected in the composition of the 
clay they produce. 

KELATION OP POTASSIUM TO OTHER CATIONS ON THE SOIL COLLOID 

Although the soils under study showed decreasing amounts of both exchange¬ 
able potassium and calcium with increase in weathering, the decrease in calcium 
was at a much greater rate. This is shown in table 1 by the calcium-potassium 
ratio. For each of the three horizons in the solum, this became firngiyy as the 
location of the sample moved southward into higher temperature and rainfall. 

These facts suggest that differences in total exchangeable potassium alone 
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would be a less reliable index of soil productivity than the relation of potassium 
to other nutrients. Such a relation would appear to be a potent factor in de¬ 
termining the kmd of vegetation a soil wiQ support. 

Magnesium m its relation to potassium, in table 1, is also of interest. In their 
exchangeable amounts, these two cations decline at similar rates with increasing 
intensity of climate, since the ratios for the corresponding horizons of the solum 
are not significantly different in the locations other than Sioux City. This sug¬ 
gests that magnesium and potassium are weathered out as exchangeable forms at 
about the same rate. It suggests further, that the ratio of calcium to magnesium 

TABLE 1 


Some ratios of exchangeable cations and other 'properties of colloids in soils developed from 
similar parent materials under different climates 


LOCATION 

ANNUAL 

BAINFALL 

EOSIZON* 

EXeSANGF 

CAPAOTYt 

Si02 

RsOs 

Cat 

E 

3Vtgt 

K 

Cat 

Mg 


inches 







Sioux City, Iowa 

27 

A 



64.3 

7.7 

8.2 



B 

73 

5.06 

132.8 

16.5 

8.0 



C 



177.2 

29.4 

5.9 



D 




39.3 

5.2 

McBaine, 

40 

A 



37.2 

14.0 

2.6 

Missouri 


B 

66 

4.03 


13.4 

2.4 



C 



61.7 

22.4 

2.7 



D 



51.9 

23.0 

2.2 

Wickliffe, 

48 

A 




18.3 

1.6 

Kentucky 


B 


3.24 

24.2 

24.7 

0.95 



C 



33.3 

27.2 

1.6 



D 



121.1 

84.6 

1.4 

Vicksburg, Missis¬ 

56 

A 



24.5 

12.0 

1.0 

sippi 


B 

44 


15.8 

14.0 

1.1 



C 



18.7 

20.6 

0.91 



D 



186.1 

96.4 

1.9 


• A « 0-7 inches, B - 12-20 inches, C = 36-48 inches, D « 16-20 feet, 
t This determination was made on the B horizon only. 

t Calculated on basis of milligram equivalents, rather than weight equivalents. 


on the colloid, like that of calcium to potassium, might be used as an index of soil 
development and productivity. The data for the former ratio (table 1) are of 
small range, however, and therefore not so revealing of differences as the values 
for the latter. 

INFLUENCE OP POTASSIUM-CALCIUM EATIO OP COLLOID ON PLANT COMPOSITION 

The behavior of potassium in the clay colloid, as revealed by chemical analyses 
and treatments, must be reconciled with its behavior in the plant. Potassium is 
lower than calcium in exchangeable form on the soil colloid, yet the former makes 
up 1.68 per cent in plants in contrast to 0.62 per cent for calcium as averages (16). 
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In view of the shifting ratios of these two exchangeable nutrients on the colloid 
with increasing degree of soil development, the question arises whether vegetation 
reflects correspondiag differences in composition. As a test, chemical analyses 
of different crops (14) vrere assembled. The different crops were allocated ac¬ 
cording to dominance on (a) slightly developed, (&) moderately developed, and 
(c) highly developed soils. Though the numbers of cases are not extensive 
enough to warrant unqualified conclusions, they are suggestive, as presented in 
table 2. 

The data show that the increasing degree of soil development, which gives 
decreasing calcium in relation to potassium on the colloid clay, gives correspond¬ 
ingly iucreasing potassium over calcium in the plant composition. Plants are 
lower in percentages of both potassium and calcium as the soil is more highly 
developed, but the potassium content drops to about one half while the calcium 

TABLE 2 

Composition of plants according to the degree of soil development 


PLANTS GROWING NATURALLY ON SOIL DEVELOPED 



Slightly, 38 cases 

Moderately, 31 cases 

Highly, 21 cases 

Dry matter contents as 

]^0 . per cent 

CaO. per cent 

PaOs. per cem 

Combined. per cent 

Amounts relative to highly developed soil 
K 2 O. 

2.44 

1.92 

0.78 

5.14 

1.9 

2.08 

1.17 

0.69 

3.94 

1.6 

1.27 

0.28 

0.42 

1.97 

1.0 

CaO. 

6.8 

4.1 

1.0 

PaOs. 

1.9 

1.6 

1.0 

Ratios 

KaO:CaO. 

1.2 

1.8 

4.6 

IKjOiPjOj.. 

3.0 

3.0 

3.0 

CaO:P«Os... 

2.4 

1.6 

0.66 



drops to about one seventh in going from slightly developed to highly developed 
soils. At the same time, the combined percentages of potassium, calcium, and 
phosphorus drop to two fifths. The ratio of phosphorus to potassium in the vege¬ 
tation was constant. 

if these are the facts in general for the assay of the soil by means of vegetation, 
it would seem that, among the plant nutrients on the colloid, potassium moves 
most actively into vegetation as the soil is more highly developed. 

In previous experiments (6) soybeans were grown on colloidal clay supplied 
with exchangeable calcium and potassium in different ratios, but with constant 
supplies of calcium, nitrogen, and phosphorus, to determine whether the varying 
ratios influence plant composition. The results demonstrated that the increase 
of potassium relative to calcium increased the vegetative yield; reduced both the 
percentages and the totals of nitrogen, of phosphorus, and of calcium in the 
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vegetation; and increased both the percentage and the total of potassium ac¬ 
cording to the variable supply offered. All these characteristics suggest a crop 
of more proteinaceous nature containing higher concentrations of calcium and 
phosphorus when calcium dominates on the colloid, and of a more carbonaceous 
nature when potassium is high relative to calcium. 

As a further test of the hypothesis, soybeans were grown similarly but for three 
successive crops in order to exhaust the soil fertility (6). The carbonaceous 
phases of the plants were separated into sugars, starch, and hemicellulose. In 
the fii*st crop, nodule bacteria were withheld and the soybeans were grown as a 
nonlegume. The second and third crops were nodulated and behaved as le¬ 
gumes. 

The results showed that in the first, or nonlegume, crop the total sugars were 
low and decreased in concentration while the vegetative yield was increasing with 
the increasing ratio of potassium to calcium. More noticeable, however, was the 
behavior of the starch, the concentration of which almost doubled and the total 
almost trebled with increasing potassium. When the same kind of plants be¬ 
haved as legumes, their sugar concentrations were much higher and again sug¬ 
gested decrease with extra potassium. The starch concentrations were lower 
than those for the nonlegume, but increased for increments of potassium initially 
put on the colloid. The greater exhaustion of nutrients from the colloid by the 
third crop indicated that lowered soil fertility, like excessive potassium in relation 
to calcium, gave dominance to the carbonaceous character of the crop, as shown by 
the higher sugar and starch contents in the latter of the two leguminous crops. 

The hypothesis that relative calcium reduction in the soil tends to reduce the 
proteinaceous nature of the vegetation is further supported by the decreasing 
protein content of wheat in going from west to east in Kansas, as reported for 
1940 (10). Between western Kansas, with an annual rainfall of 17 inches, and 
eastern Kansas, with 37 inches, the protein in the wheat dropped from 18 to 11 
per cent. This traverse represents a distinct change in the original grass vege¬ 
tation (12) and a reduction in the amoimt of calcium in the soil, the calcium car¬ 
bonate being at greater depths in the profile (9, pp. 122-123). 

StiU further support of the hypothesis is given by the recent studies of Allen'* 
with percolating nutrient solutions for soybeans, and of Converse et oL,^^ with 
colloidal nutrient media for com. Both show the association of the calcium- 
potassium ratio with protein content, whether the crop was legume or nonlegume. 

Although calcium and potassium are seemin^y reciprocals in plant composi¬ 
tion, calcium supporting the proteinaceous and potassimn the carbonaceous 
properties, there is a question whether the high level of phosphorus associated 
with the former and its low level with the latter are not involved. Apparently 
the phosphorus level deserves attention in connection with this ratio. 

* Allen, D. I. Differential growth response of certain varieties of soybeans to varied 
mineral nutrient conditions. Doctoral thesis, University of Missouri, Columbia, 1942. 
[Unpublished.] 

^ Converse, J. D., Gammon, N., and Sayre, J. D. The use of ion exchange materials in 
studies on com nutrition. [Unpublished.] 
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MOVEMENT OF CATIONS BETWEEN SOIL AND PLANT 

If, on well-developed soils, potassium dominates the activities within the 
vegetation—for any form of which a carbonaceous skeletal structure is requisite 
—^then the universal presence in soils of this nutrient in active form must be 
demonstrated. Chemical breakdown of the clay to deliver potassium is of no 
significance in providing active potassium (1). It must, therefore, be either the 
adsorbed potassium, or that provided by the breakdown of the mineral silt and 
sand separates of the soil, that serves. Plant growth may return potassium to 
the soil in temporarily mobile form, since this nutrient may go not only from the 
colloid clay to the plant, but also in the reverse direction during plant growth. 
Phosphorus and nitrogen have been foxmd to return similarly. To date, calcium 
has been foimd to go only from the clay to the plant. Magnesium behaves much 
like calcium. The facts that potassium may be leached back to the soil by rain 

TABLE 3 


Increase in potassium-maturation of colloid ai low levels and decrease at high levels during 

growth of soybean forage 


CUXTHRE 

NCTSIENTS SUPPLIED* 

yiELDSt* 

THREE 

CROPS 

SEMNA17T FOTASSIUU 

IN CULTURE 

PERCENTAGE 

OP POTASSIUM 
“PKED” 

SATURATION 

EQUIVALENT 

OP REMNANT 

ICmCBES 

1 

Ca 1 

B 


Totalt 

Ex¬ 

change¬ 

able 

“Fixed” 







f».e. 

m,e. 

gm. 

4».e. 

m.6. 




per caU 

per cent 

1 

10 

0 

13.84 

37.122 

5.23 

0.99 

4.24 

30.6 

81.0 

14.1 

3 3 

2 

10 

5 

13.84 

42.057 

5.41 

1.49 

3.92 

20.8 

72.5 

13.0 

4.6 

3 

10 

10 

13.84 

48.390 

6.23 

1.50 

4.73 

19.8 

75.9 

15.7 

5.0 

4 

10 

15 

13,84 

46.247 

7.35 

1.90 

5.45 

18.8 

74.2 

18.1 

6.3 


* Other nutrients were adsorbed as constant amounts. 

t Separate crop yields are given elsewhere (5). 

t Calculated from potassium supplied and removed in crops. No leaching loss was 
possible. 

from the above-groimd parts of more mature plants, that it goes back via roots, 
and that it dominates all cations in plant composition, emphasize its nomadic 
nature, vrhich hinders our understanding of its performances. 

Recent studies (5) suggest that vegetative growth tends to mainta m an equi¬ 
librium level of potassium in the clay. Data are given in table 3 which shov/ 
that the soil originally without exchangeable potassium acquired this nutrient 
during the growth of soybeans while other nutrients were being exhausted to 
the extent that nitrogen fixation was prevented. In spite of this exhaustion, 
the plants still produced appreciable yields of dry matter and w^ere higher in 
carbohydrates relative to protein than is common for this legume. 

Nutrient shortage in the soil apparently may reduce protein manufacture in 
the plant severely but allow carbohydrate production at a liberal rate, even when 
losses of potassium from the plant to the soil ai*e suflScient to lower the crop 
content below that in the planted seed. The trials mdicated that this returaing 





POTASSIUM IN SOIL AND PLANT 


19 


potassium, became temporarily nonexchangeable. The amount of the potassium 
initially active (seed and supplied) that became “fixed” was relatively constant 
(5.23-7.35 m.e.). This “fixation” is a function, apparently, of the amount of 
potassium rather than of the amount of the clay, as shown by the saturation 
equivalent of the remnant which increased in both the fixed and the exchangeable 
forms. For the three cultures to which potassium was supplied in addition to 
that in the seed, the ratio between these two parts of the remnant remained fairly 
constant as they both increased. It is this mobilily and these differences in 
exchangeability that must be understood before chemical tests of potassium in 
the soil can be mterpreted in terms of crop results. 

Other aspects of potassium must eventually be given consideration. The 
interaction between the hydrc^en colloid of the soil and the potassium-bearing 
minerals in the coarse soil separates serves to buffer the colloid with respect 
to potasrium saturation. The universal occurrence of potash miners in silts 
and sands, from which the exhausted colloid may obtain exchangeable or “fixed” 
potassium, as Graham (7) has demonstrated for calcium, complicates the matter. 
Then, too, the d^ree of hydrogen-ion saturation that is a helpful factor in 
mobilizing calcium, magnesium, and some other cations mto plants (2) is ap¬ 
parently not so effective on potassium. It is possible that potassium may be 
adsorbed on the colloid with so much less force than some other nutrients that 
the presence or absence of hydrogen does not significantly alter its rdative 
place in the lyotropic series. This would leave potassium undisturbed by the 
degree of soil acidity and would help to explain why potassium nutrition in 
plants does not fit into the concepts for other nutrients centered about soil 
acidity. 

Another aspect warranting attention is the apparent association of potassium 
and silica in plants on certain soils. Althou^ silica is the reciprocal of calcium, 
silica and potassium seemm^y rise and fall together to a degree that is somewhat 
modified by amounts of potassium, phosphorus, and acidity in the soil. The 
degree of soil development and the kind of vegetation associated with it are 
apparently reflected in this potassium-silica partnership, much as in the calcium- 
potassium ratio. 

Althou^ the calcium-potassium ratio has been emphasized as a reflection, 
via the plant, of these nutrients on the colloid complex and in the soil mineral 
reserve, one must not deduce ph 3 rsiological functions to the extent of exclusion 
of one by the other. Before any plant can grow, it must have both calcium and 
potastium. At starvation levels and even at more nearly balanced concentra¬ 
tions, calcium and potassium are directly associated, and either one may be 
iostrumental in moving the other into the crop. 

In considering these many phases of potassium independently, one must be 
cautious about interpreting plant growth on the baas of any sin^e-factor be¬ 
havior. Interactions of factors are usually quite different from the sums of 
their individual effects. Plant growth is the result of numerous factors, the 
possible interactions of which may be l^on. The interpretation of these 
interactions calls for more delicate tests than are commonly used. There is 
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some hope that animal assays of the crop may demonstrate that potassium is a 
soil factor that modifies the feeding value of forages. 

The agricultural use of potassium may receive more attention in the future, 
not so much because the supply in the soil has declined suddenly, but because 
the supplies of calcium and phosphorus have suddenly risen through their stimu¬ 
lated applications as soil-conserving measures. Potassium may become more 
widely appreciated as a hidden deficiency by contrast through legumes pro¬ 
ducing heavily under calcium and phosphorus stimulation. This deficiency 
may not express itself immediately in the form of decreased tonnages of non¬ 
legume crops, but may be reflected in nutritional disasters through consumption 
of cereals and nonlegumes grown in exaggerated legume-soil-building program^. 
Calcium and phosphorus are necessary to guarantee the nutritious, body-building 
values of leguminous forages, but the question arises whether this fertilizer 
combination will make cereals equally as valuable as energy suppliers in animal 
nutrition. This question must be answered in the negative, if the calcium- 
potassium hypothesis in the ecological picture has good foundation. For cereals 
in the agricultural program, including graminae, and all their uses in general, 
the potassium supply may well be liberal in relation to calcium, whereas lor 
legumes the reverse seems to be demanded. Concern about potassium may well 
arise while legumes and nitrogen fixation are carrying enthusiasm for calcium 
and phosphorus as soil treatments to unusual heights. 

SUMMARY 

Degree of soil development is reflected not only in the amounts of potassium 
in the colloid crystal and in the adsorbed form, but also in its ratios to other 
adsorbed plant nutrients. For some nutrients the ratios are inverse, and for 
others direct. These ratios are reflected in plant composition, and the calcium- 
potassium ratio is suggested as a basis for ecological plant array. Differences 
in soil development apparently determine whether the vegetation will be chiefly 
proteinaceous or carbonaceous. Because of the prevalence of its minerals in 
the lithosphere, of its readily soluble nature, of its readiness to become insoluble 
and inexchangeable from the colloid, of its movement from vegetation to the 
soil through leaching from the tops or exchange from the roots, and of its reserve 
in the silt and sand minerals to buffer the clay, potassium is so nomadic that its 
perfonnances in any particular situation are dfficult to interpret. Apparently 
pot^um is almost uninfluenced by the hydrogen ion that mobilizes other 
cations into plants. Its adsorbed form becomes “fixed” to a significant extent 
even during short periods of plant growth. It manifests many and varied 
chemical aspects in connection with the soil colloid. There is the hope, never¬ 
theless, that when more of the possibilities for potassimn outgo from and income 
to the coHoid have been quantitatively evaluated, its behavior on the colloid 
complex and its service in plant nutrition may be better understood. 
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The ability of a plant to obtain sufficient amounts of K or other nutrient ele¬ 
ment for optimum growth depends not only on the concentration of the element 
in the nutrient medium in available form but also on certain environmental 
factors affecting its absorption. Among the environmental factors that have 
been studied is the concentration of other ions in the nutrient medium. 

It has long been known that the presence of a lai^ concentration of any cation 
in the nutrient solution results in decreased plant growth and that this so-called 
toxic effect of nutrient ions can often be overcome by increamng the concentration 
of another nutrient cation, thus providing a better balance between the ions in 
solution. Although no entirely satisfactory esplanation has been offered for 
these results, plant analysis data have led to the theory that ions present in very 
hi^ concentration in the nutrient medium depress the absorption of other ions 
of like charge, and may cause a deficiency of the latter for optimum plant growth. 
This theory in various modified forms has been referred to as the theory of ion 
antagonism. 

Although considerable work has been done on the proper ratio of K to other 
elements in solution for optimum plant growth, much of it is difficult to interpret. 
As with most investigations of soil-plant relationi^ps, those concerning the 
effect of different cations on K absorption by plants have been studied by means 
of both soils and solution cultures. Each of these general methods of approach 
has its definite shortcomings. In soil culture studies it is often difficult to sep¬ 
arate the effects on K absorption and on plant growth of two possible causative 
factors; first, the decreased or increased concentration of soluble K that may 
result from the presence of other cations, and secondly, tire effect of the various 
soluble cations on the ability of the plant to absorb K from solution. Because 
of this difficulty, culture solutions offer various advantages over soil cultures in 
a study of this problem. On the other hand, many culture solution studies are 
open to criticism because of the hi^ concentrations of various cations used as 
compared to those found in sod solutions, and because of the difficulty of con¬ 
trolling all important factors involved. 

The interest among soil investigators in the effect of various cations on K 
absorption by plants has resulted for the most part from their endeavors to ex¬ 
plain results obtained in three general lines of investigations; namely, the effect 
of liming of soils on K availability to plants, the K deficiency of certain high-lime 
soils, and the best form and optimum ratios of various fertilizer materials ei^e- 
cially when used in large amounts and on slightly buffered soils. It is with the 

^ Journal paper J-10S9 of the Iowa Agricifitural Experiment Station, Ames, Iowa, Project 
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second of these problems that the authors have been most concerned, but consid¬ 
eration is given in this paper to the effect of other common cations as well as of 
Ca on K absorption by plants. 

eepect op calcium and magnesium on potassium absorption by plants 

Liming of acid soils 

Nearly 25 years ago Ebrenberg (17) attributed the poor growth of buckwheat 
on heavily limed soils to the decreased absorption of K by the plant. He be¬ 
lieved that the Ca had a depressing or antagonistic effect on K absorption, and 
he emphasized the importance of a proper Ca-K balance in plant nutrition. 
This relationdiip between Ca and K has since been referred to as ^'Ehrenberg’s 
potash-lime law.” Loehwing (35), working with cereal crops, and Lagatu and 
Maume (32), with grapes, found that applications of lime reduced crop yields 
as well as K content. Other workers who foimd that liming of soils decreased 
the K content of the crops include Brown and Mclntire (8), Lipman, Blair, and 
Prince (34), Salter and Ames (45), and Swanback (51). In these cases, however, 
crop yields were increased by liming. 

The K percentage in plants is, however, not always decreased by lime applica¬ 
tions to the soil. Naftel (41) limed soUs to different degrees of Ca saturation and 
found only very slight decreases in the K content of sorghum; GUe (18) and Rat- 
ner (44) also found that the exchangeable Oa of soils had little or no influence on 
the K content of the crops. Van ItaUie (29) compared the effects of adding com¬ 
parable amounts of Ca, Mg, Na, and K carbonates to an acid sandy soil on the 
absorption of these cations by Italian rye grass, and foimd that Ca had little 
effect on the absorption of K, whereas Mg had a marked depressing effect. 
Cooper (14), on the other hand, found that carpet grass contained a higher 
content of potassium on the limed than on the unlimed soils studied. That some 
of these contradictory results are explained by the kind of plant used in the 
experiment is indicated by some recent data of Bender and Eisenmenger (6). 
These investigators found that liming an acid soil with Ca(OH )2 from about 
pH 4.4 to 7.3 caused a marked reduction in the potassium content of wheat and 
oats; a slight decrease in that of barley, sweet clover, and cowpeas; and an in¬ 
crease in that of peanuts, tomatoes, Kentucky bluegrass, timothy, and redtop. 
Liming increased the calcium content of all plants, however, in several cases 
from threefold to fourfold. 

The variable effect on the potassium content of crops is undoubtedly in¬ 
fluenced also by the fact that liming may either decrease or increase the water- 
soluble potassium content of soils. It is obvious, therefore, that unless the 
effect of lime on the soluble potassium content of soils is known, it is impossible 
to determine from such experiments whether the decreased absorption of potas¬ 
sium by plants is due to a lower amount in solution or to an antagonistic effect 
of the increased calcium concentration in accordance with Ehrenberg’s law. 

Studies on highMme soils 

The depressing effect of Ca and Mg on K absorption by com has been ad¬ 
vanced as a possible explanation for the marked deficiency symptoms and the 
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low K content of this crop when grown on the high-lime soils of northcentral 
Iowa. Allaway and Pierre (1) and Stanford et cd. (49) have found that although 
many of these soils contain 150 to 200 pounds of exchangeable K per acre 
(2,000,000 pounds of soil), the com shows marked K-deficiency symptoms and 
the yield may be more than doubled by application of potash fertilizers. An 
analysis of the com on these soils as compared with that on adjoining normal 
soils on which good growth is obtained shows that the former has a much higher 
Ca and Mg content and a much lower K content (49). Figure 1 ^ows that the 
Ca + Mg:K ratios were less than 3.5 for the plants grown on the normal soils 



Pig. 1. Composition and Ratio op Calcixtm plus Magnesium to Potassium op Coen 
P lANTS PEOM NoEMAL, HiGH-LiME, AND PoTASSIUM-PbBTILIZBD PiaTS AT ThBBB 
Dates Dubing the Gbowing Season 

The potassium fertilizer (KCl) was applied to each field on the first sampling date 

and between about 5.5 and 11.0 for those from the high-lime soils. Potassium 
fertilizer applied as a side-dressing resulted in a marked increase in the K content 
of the plant and a lowering of the Ca + Mg:K ratio. 

To discover whether the low K content and poor growth of com on higji-lime 
soils was due to a depressing effect of Ca and Mg on K absorption, Kelly® deter¬ 
mined the concentration of these cations in the displaced solution of hi^-lime 
and adjacent normal soils of the Webster series. The soils were brought to the 

‘ Kelly, J. B. Composition of the displaced soil solution and exchangeable potassium 
content of high-lime soils in relation to potassium deficiency in com. Master's theins, 
Iowa State College, Ames, 1941. [Unpublished.] 
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laboratory and incubated at approximately field moisture content for 10 weeks 
before displacement. The data in table 1 show that the soil solutions were very 
high in Ca and Mg and very low in K. In two of the fields the normal soils 
were considerably higher in soluble K than the high-lime soils, and the lower 
yields and high Ca + Mg:K ratios of the crops grown on the latter could be 
explained by the higher K concentration in the soil solution. This explanation 
does not hold, however, for the data from the high-lime soil of field 3, since the 
K concentration in the soil solution of the two soils was of the same order. The 
much higher concentration of soluble Ca in the high-lime soil, however, may 

TABLE 1 


Relation of Ca+ Mg:K ratio of soil solution to the yield and Ca-i-MgiK ratio of com grown on 
high4ime and adjacent normal soils* 


DETElOmrATEOir 

EIELD 3 

XIEID 4 

PIEIO 5 



Normal 

High-lime 

Nonnal 

High-lime 

Normal 

High-lime 

Yield per acre. 

. bu. 

62.8 

22.4 

71.3 

16.9 

55.8 

28.8 

Soil; 



■■ 


im 



CaCOs equivalence.. 

. per cent 

11.3 

36.3 

2.3 


1.1 

10.8 

Exchangeable K per acre. lbs. 

270 


405 

mt 

187 

145 

Soil solution composition: 

K. p.p.m. 

2.20 

1.01 

12.46 

0.85 

0.61 

0.62 

Ca. 

. p.p.m. 

360 

385 

250 

218 

207 

322 

Mg.. 

.. p.p.m. 

70 

76 

56 

57 

46 J 

45 

Ca -h Mg:K ratiof.. 


413 

987 

54 

718 

904 

1243 

Plant composition: 








K. 

. .m.e.ll00 gm. 

54.7 

26.5 

107.1 

23.6 

51.1 

24.1 

Ca. 

. .m.e.ll00 gm. 

42.2 

51.9 

32.7 

55.4 

39.7 

89.6 

Mg.. 

. .m.e./100 gm. 

75.2 

116.0 

39.1 

101.2 

79.0 

95.0 

Ca -h Mg:K ratiof.. 

■| 

2.17 

6.43 

0.69 

6.67 

2.33 

7.70 


* Kell 5 % J. B. Unpublished data, Iowa Agr. Exp. Sta., 1941. 
t Calculated on a chemical equivalent basis. 


have depressed the absorption of K by the plant and resulted in a high Ca + 
Mg:K ratio and in low crop yield. 

Although these data are far from conclusive and other factors undoubtedly 
are involved, it seems possible that the low absorption of K and the extremely 
poor crop growth on these high-lime soils is a result of the depressing effect of 
the high concentration of Ca on the absorption of K by the plants as well as on 
the amount of exchangeable K that comes into solution. 

Solution or sand ciCUure investigations 

In considering the effect of various cations on the absorption of potassium it 
should be remembered that the K concentration in the solution of field soils is 
usually below 10 p.p.m., that of magnesium about 50, and that of calcium over 
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100. Furthermore, it has been established that a constant concentration of 2 
to 6 p.p.m. of K is sufficient for optimum growth of crops in culture solutions 
(4, 24, 42). In many culture solution studies on nutrient balance and “ion 
antagonism” much hi^er concentrations of K have been used than are ordinarily 
found in the soil solution. 

A review of many investigations on the effect of various cations on the growth 
and absorption of potassium by different plants in solution and sand cultures 
(2, 3, 11, 12,15, 37, 48, 53) indicates that Ca may increase K absorption when 
the K concentration is h^ and the ratio of Ca to K relatively low, or when the 
concentration of Na and possibly other cations in the solutions are relatively 
high as compared to K; and that Ca reduces K absorption, particularly where 
it is added to the solution or soil in high concentrations. 

mPLUENCE OP OTHER CATIONS ON POTASSIUM ABSORPTION 

Sodium 

Although Na is not essential for plant growth, it is a common constituent of 
plants and thus influences the cation-interrelationships in the plant. The 
capacity to absorb Na varies greatly among different plants (13, 28, 40). Be¬ 
cause of this variation, it is evident that the extent of the interaction of Na and 
K m a given plant depends upon the specific nature of the plant as regards Na 
absorption. In much of the work with Na, as with Ca and Mg, it is necessary 
to differentiate between interactions taking place in the soil and those taking 
place between the plant and the soil solution. Depending upon conditions, two 
different interactions may occur in the soil. In the case where neutral Na salts 
are applied, the Na has a tendency to increase the availability of soil K to plants 
by increasing the K concentration of the soil solution through cation exchange. 
In the other case, where the soil contains appreciable quantities of exchangeable 
Na, this cation decreases the availability of K to plants, as shown by the work 
of Rainer (44). Unfortunately, in many investigations involving Na, it is im¬ 
possible to separate the soil interactions from the plant interactions. Such is 
the case in the experiment of Von Itallie (29), who found that when the per¬ 
centage Na saturation of a soil was raised from 1 to 26, the K content of Italian 
rye grass grown on the soil was reduced from 133.5 to 78.5 m.e. per 100 gm., 
while the Na content was increased from 11.5 to 97.0 m.e. 

Many investigations have been carried on to determine the role of Na in plant 
nutrition, especially the extent to which Na can serve as a substitute for K in 
the fertilization of crops. The recent publication of a number of papers on this 
subject indicates a renewed interest in the problem. In the United States, 
studies with Na salts were begun at the Rhode Island Agricultural Eiqperunental 
Station by Wheder and Adams (54) in 1894 and continued by Hartwell d al. 
(21, 22, 23). Field experiments, designed to study the effects on plant growth 
of adding K and Na m different relative amounts, both as the chloride and as 
the carbonate, demonstrated that when a deficient amount of K was supple¬ 
mented by a liberal amount of Na, a considerable increase m yidd resulted with 
certain crops and that the increased yidd was accompanied, in nearly all cases, 



by an increase in the percentage of Na in the crop and a decrease in the 
percentage of K. The relative depression of K, however, which resulted when 
extra Na was added, was not so great in most cases as the relative increase in 
yield, and therefore more K was actually removed from the soil by the crop, a 
point which seems to indicate that at least a part of the beneficial effect of the 
Na was due to its ability to increase the availability of the soil K to the plant. 
Proof that Na had an additional beneficial effect was obtained by the use of 
solution cultures in which the available K could be limited to a definite amount. 
Using wheat, millet, oats, barley, and rye seedlings as experimental plants, 
Hartwell, WTieeler, and Pember (21, 22 ) obtained no increases in growth by the 
addition of Na when an optimum amoimt of K was present, but they found, as 
did Breazeale (7), that larger amounts of K were left in the nutrient solution 
when K was supplemented by Na, showing that Na depressed the absorption 
of K. 

In a more recent investigation, conducted under field conditions on a muck 
soil by Harmer and Benne (20), applications of NaCl resulted in marked in¬ 
creases in Na content and slight to moderate decreases in percentage K with 
certain members of the beet, parsley, and mustard families. A striking example 
of the extent to which Na may depress K absorption by the plant is the work of 
Lehr ( 33 ), who grew beets at five K levels with NaNOs and Ca(N 08)2 as sources 
of N. In the foliage, the percentage decrease in K content obtained by the use 
of NaNOs in place of Ca(N 08)2 varied from 29 to 58, being highest with the 
high K level. In the roots the difference were not so striking, but they showed 
the same general trends. 


Ammonium 

It is generally recognized that the NH 4 ion is absorbed directly by many plants, 
and that the rate of its absorption depends upon the pH of the culture solution, 
a relatively high pH being most favorable. With the recent increases in the use 
of ammonia in fertilizers, a number of studies have been made of the relative 
effects of nitrates and NH 4 salts on the composition and growth of various plants 
(16,26, 43). One of the more detailed studies is that of Pirschle (43), who grew 
a variety of agriculturally important plants in flowing culture solutions main¬ 
tained at various pH values. With all plants, except lice, considerably less K 
was adsorbed when NH 4 salts were used as a source of N, and this was especially 
true at the higher pH values, where the NH4 plants frequently contained only 
half as much K as the NO3 plants. In general, better growth was obtained with 
NO 3 than with NH4, although maximum growth was often obtained with NBU 
at pH 6 and 7. 

Evidence that the effect of NH 4 on K absorption varies with the level of K 
in the nutrient solution is found in the work of Holley, Pickett, and Dulin (26), 
who obtained decreases in K absorption by cotton when the nutrient solution 
contained 156 p.p.m. of K, and increases when it contained 19.5 p.p.m., the ni¬ 
trates and NH 4 salts being applied in a concentration chemically equivalent to 
the K in each nutrient solution. In this study, NH4 decreased the Ca and Mg 
absorption much more than the K absorption. This finding differed from that of 
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Dikussar (16), who noted that NH* had a more pronounced depressive effect 
upon the absorption of K. 

The effects of NII 4 in reducing the absorption of K and other cations from soil 
have not been studied in as much detail as in culture solutions, probably because 
of the fact that under soil conditions it is more difficult to prevent nitrification. 
In table 2 are given data showing the effect of NHi applied as (NH 4 ) 2 S 04 on 
the absorption of K, Ca, and Mg by com from two acid soils. As a result of 
concentrating the fertilizer in a soil zone constituting 10 per cent of the soil in 
the pots, virtually no nitrification took place. The plant composition data 
show that the application of (NH! 4)^04 under these conditions has very mate¬ 
rially depressed K absorption but has had little effect on Ca and Mg absorption. 


TABLE 2 

Effect of addition of NHt and Ca to two acid soils in different nitrogen fertilizers on the 
absorption of K, Ca, and Mg by com* 


TREATMENTt 

CORN ON WHEELING FINE SANDY LOAU, pH 5.0 

CORN ON D£ KALB SILTY CLAY LOAU, pH 4.8 


Ca 

Mg 

Ca+Mg 

Yield 


Ca 

Mg 

Ca+Mg 

Yield 



K 

per pot 


K 

per pot 


in,e./100 

itn. 

m.e./200 

got. 



gm. 





gm. 

None. 

33.1 

16.3 

9.2 


38.5 

43.9 

19.5 

7.6 

0.62 


150 lbs. of N as 

Ca(N03)2 per acre... 
150 lbs. of N as 

19.7 

25.1 


1.76 

68.5 

23.8 

25.5 

8.1 

1.41 

52.9 

(NH 4 ) 2 S 04 per acre.. 

18.0 

19.2 

7.5 ! 

1 

1.48 

68.3 

23.2 

15.9 

7.6 


58.3 


* Fierro, W. H. Unpublished data, W. Va. Agr. Exp. Sta., 1937. 
t In addition, all pots received 200 pounds of GaH 4 (P 04 )t and 100 pounds of KCl per 
acre. 


Iron 

Hoffer and Trost (25) found that the Fe content of com nodes is higher when 
the plant is deficient in K. These results were confirmed by Scharrer and 
Schropp (40, 47), who considered the phenomenon to be one of antagonism. 
Some doubt as to the correctness of this interpretation is found in the data of 
Weiss,® who showed that in K-deficient soybean plants, the pH of the sap and 
the total Fe content were h^er, whereas the soluble Fe content was lower. 
Loehwing (36) also found that high pH values of the sap are associated with K 
deficiency. In view of these results, it seems probable that the hi^ Fe content 
of K-deficient plants is due to the hi^er pH values of the sap, a condition which 
brings about the precipitation and accumulation of Fe in abnormal amounts. 


Swanback (50) has studied K absorption by tobacco in terms of percentages 
of quantities supplied in nutrient solutions having various K and Ca levels, in 
the presence and absence of Mn. The efficiency of K utilization was greater in 

® Wrass, M. G. Xnheiitance and physiology of efficiency in iron utilization in soybeans. 
Doctoral thetis, Iowa State College, Amos, 1941. [Unpublished.] 















the absence of Mn at low Ca and at high K levels. The reverse was true at high 
Ca and low K levels. The greatest relative utilization of K occurred at low K 
levels in the presence of Mn. The data on this subject are too scanty to justify 
any conclusion; furthermore, the effect of Mn on K absorption is probably of 
little practical importance in view of the very small quantities of Mn ordinarily 
foimd in the soil solution. 

FACTORS AFFECTING THE INFLUENCE OF VARIOUS CATIONS ON 
POTASSIUM ABSORPTION 

Although investigations on ^‘ion substitution” or “replacement” are still much 
too fragmentary for a satisfactory understanding of this phenomenon, it appears 
that at least six factors may influence the effect of other cations on potassium 
absorption by plants. These are: 

1. Level of K. 

2. Concentration of cation in relation to K concentration. 

3. Kind of cation. 

4. Presence of other cations. 

5. Kind of plant. 

6. pH of solution. 

The importance of some of these factors has already been referred to and they 
will be reviewed here only briefly. 

Level of potassium 

The level of K in solution will determine to a large extent whether or not the 
depressing effect that may be exerted by other cations will reduce the amount 
of K absorbed below the plant needs and thus cause decreased growth. It is 
not possible to determine definitely from the data available, however, whether 
or not with a given ratio of cations, the depression in absorption of K occurs 
more readilj’' at high than at low K levels. The investigations of Holley, Pick¬ 
ett, and Dulin with cotton (26) show that with a constant ratio between K and 
NH 4 the depression in absorption of K by NH 4 occurred only at high levels of 
the ions. Although this is apparently the onl}^ direct evidence on this question, 
it seems quite probable that with high concentration of cations, “ion competi¬ 
tion” is more pronounced than at low concentrations, the ratio of cations re¬ 
maining constant. 

Concentration of cation in relation to K concentration 

In general it has been found that the higher the concentration of a particular 
cation in relation to the concentration of K, the greater is the depression in the 
absorption of the latter by plants (29). In fact, it has been shown by several 
investigators ( 2 ,37, 53) that when the concentration of Ca relative to that of K 
is low, the Ca actually favors K absorption by the plants, and it is only when 
the Ca is materially increased that K absorption is depressed. This is in general 
agreement with results based on deficiency symptoms and growth responses (16,19). 
Thus Davidson and Blake (16) found that where 10 p.p.m. of K was present in 
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solution the K-deficiency symptoms in peach were obtained only with high Ca 
levels (410 p.p.m.), whereas with only 2 p.p.m. K, the peach leaves showed de¬ 
ficiency symptoms with the medium Ca level (180 p.p.m.)- These results are 
to be expected, for the h^her the concentration of a cation in solution in contact 
with the roots, the greater wiU be its ability to “compete” with potasaum for 
entrance into the root. 


Kind of cation 

No doubt one of the most important factors affecting K absorption by plants 
is the kind of complementary cation. LundegUrdh (38) concluded from ^ in¬ 
vestigations that the substitution of cations is strongest between the outermost 
ions of the following series: Mn, Ca, Mg, K, and Na. In his rather comprdien- 
sive work with Italian rye grass. Van Itallie found that the replacing or compet¬ 
ing abilities of the various cations are in the order: K > Na > Mg > Ca. That 
Ca has the least competitive ability and K the greatest of the four cations listed 
is evidenced too by the work of other invest^tors (3, 11, 44). 

The position of Na in the cation competition series, however, seems to vary 
considerably, possibly because of the wide differences in the capacities of various 
plants to absorb Na from solution. Carolus’ work with potatoes, a low-sodium 
plant (28), shows, for example, that Na depressed K absorption less than did 
Mg. It is evident, therefore, that monovalent cations are not necessarily more 
effective in cation replacement than divalent cations. This is substantiated by 
Hurd-Karrer (27) and by the recent work of CoUander (13), who found that 
cation replacement was most marked between the closely related cations Ca and 
Sr, and K and Rb than between the divalent and monovalent cations. 

It is evident, therefore, that the nature of the cation has a marked effect on 
the concentration required to depress the absorption of K by plants. In g^eral, 
Ca has a lower activity in this re^ct than Mg and Na, but the effect of Na, 
like that of NH4, seems to be more variable. 

Presence of other cations 

As has previously been indicated, there is evidence that the effect of one cation 
on the absorption of another will be affected by other cations in solution. The 
data with potatoes and beans reported by Carolus (11,12) show definitely that 
in the presence of lai^e amounts of sodium, Ca enhanced rather than depressed 
the absorption of K. Likewise, in the presence of lai^e amormts of Ca or Mg, 
sodium had a beneficial effect rather than a depressing effect on K absorption by 
potatoes, although not by beans. That the kind and amount of anions in solu¬ 
tion may also influence the importance of cation ratios in the nutrient solution 
is shown by the investigation of Beckenbach et al. (5). With hi^ NO* levels, 
K appeared to be necessary in greater concentration than Ca, indicating that Ca 
under such conditions is more readily absorbed by com than is E. 

Kind of plard 

Probably the most important single factor that influences the effect of one 
cation on the absorption of another is the plant species. Many of the seemingly 
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conflicting data that have been noted could undoubtedly be explained if more 
data were available concerning the nutrition of different plants. The recent 
work of Bender and Eisenmenger ( 6 ), in which they found that the liming of an 
acid soil had a marked elffect in reducing the K content of certain crop plants, 
had no effect on others, and actually resulted in an increase in the K content of 
still others, emphasizes this point. 

Since it is well known that plants vary w’idely in the ratio of the different ca¬ 
tions they absorb from the same nutrient solution or soil, it might seem that the 
more readily a plant absorbed a given cation, the greater would be the depressing 
effect of that cation on the absorption of another, other factors remaining the 
same. Actually, Lundeg&rdh (38) explained the detrimental effect of a high K 
concentration on the Ca absorption by sugar beets on the basis that this crop 
absorbs extraordinarily large amounts of K. Although some evidence supports 
such a hypothesis, other evidence does not. For example, the potato is a low- 
sodium plant, according to Van Itallie (28). Yet the data of Carolus ( 11 ) show 
that Xa greatly inhibits K absorption by potatoes. Moreover, it is well known 
that on high-lime soils containing a high Ca to K ratio in the soil solution, com 
exhibits extreme symptoms of K deficiency, wrhereas sweet clover, a crop much 
higher in Ca, grows normally. It would seem, therefore, that the effect of a 
high concentration of a given cation on the absorption of K from solution cannot 
be explained solely by the ease with which the fonner is normally absorbed and 
consequently by its greater competition with K absorption, but that its effect 
may also be exerted in some other way, possibly on the permeability of the 
root cells. 

pH of solution 

There is considerable evidence to shoiv that in culture solutions Ca and NH^ 
are more readily absorbed at pH values above neutrality than at lower pH 
values, whereas K is either little affected or acts exactly the reverse. Thus, 
Amon ei aU in carefulty controlled experiments with lettuce and Bermuda grass 
found maximum absorption of Ca at the most alkaline reaction, pH 9.0 (range 
3-9), w’hereas over the pH range 4r-9 no profoimd effect on K or Mg absolution 
w’as noted. Similar results regarding absorption of Ca at various pH values 
were obtained by Bryan (9, 10) with alfalfa, alsike, and red clover. With oats 
and wheat, however, absorption of Ca was about the same at all pH values, 
indicating that various plants behave differently in this respect. Jacques (30), 
wrorking with Nitella, foxmd that pH had no influence on the rate of entrance of 
K, if the K concentration was above 3.9 p.p.m. When the concentration w’as 
reduced to 0.6 p.p.m., however, he foimd that the rate of K absorption decreased 
as the pH increased from 6.0 to 8.0. In the case of NH 4 , the data of PirscMe 
(43) clearly show that depression of K absorption is greatest at high pH values. 

In view of these results, it mi^t be expected that Ca and NH 4 would tend to 
depress K absorption more at high than at low pH values. Some evidence for 

^ Amon, D. I., Fratzke, W. E., and Johnson, C. M. Hydrogen ion concentration in re¬ 
lation to absorption of inorganic nutrients by higher plants, 1941. [Unpublished. ] 
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the greater depressing effect of Ca on K absorption at high than at low pH values 
is found in the work of Barbier (3). Substantiation of such data, if possible, 
would tend to explain the potassium deficiency of plants grown on high-lime 
soils having high ratios of Ca to K in the soil solution. 

GENERAL CONCLUSIONS 

It is evident from this discussion that the problem of “cation competition” 
and “replacement” in plant nutrition is complicated and that many more care¬ 
ful studies must be made before it is adequately understood. In this review the 
writers have been primarily concerned with the relation between the relative 
concentration of cations in solution and their absorption by plants. It is recog¬ 
nized, of course, that this is only one phase of the problem of the availability of 
K and other nutrient cations of the soil, and moreover, that more consideration 
must be given in this regard to the contact exchange theory of plant feeding 
proposed by Jenny and Overstreet (31). 

Some of the more important general conclusions thay may be drawn concern¬ 
ing the effect of other cations on K absorption from solution are as follows: 

Potassium absorption by plants is usually decreased by the presence of high concentra¬ 
tion of other cations in solution. Under certain conditions, however, it may be increased. 

The decreased absorption of potassium may have a detrimental effect, a beneficial effect, 
or no effect on yield, depending on the amounts absorbed in relation to the needs of the 
plant. 

Since K has a higher “competitive ability” than other common cations, the decrease in 
K from high concentrations of other cations is not so pronounced as is the effect of K on the 
absorption of Ca or Mg. 

The effect of various cations on the absorption of K by plants depends on a number of 
different factors, many of which are additive. Among these factors, the plant species and 
the ratio of other cations to K are probably dominant. 

The high ratio of Ca and Mg to K in the soil solution of the high-lime soils of lowamay be 
an important contributing factor to the low availability of the potassium in these soils to 
com and other crops. The high nitrate content and high pH value of these soils probably 
increase the depressive effect of Ca and Mg on K absorption. 
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The influence of lime and magnesia on the behavior of soil potassium and on 
the absorption of potassium by plants is a highly controversial subject, as shown 
by several very recent publications. As little agreement seems to exist among 
plant physiologists as among soil chem^. This apparent confusion, in the soil 
literature at least, has arisen largely because of failure by many investigators to 
evaluate critically the experimental conditions imder which the results were 
obtained and to differentiate betw^een the physiological ion interactions, on one 
hand, and the soil Ca-K or Mg-K interactions on the other. 

This paper is confined principally to a discussion of the effect of lime and mag¬ 
nesia on the soil potassium and to a critical examination of some of the apparently 
conflicting results obtained in both soil and plant studies concerning the intricate 
Ca-K and Mg-K relationships. With due recognition of the significant recent 
investigations on the contact exchange absorption mechanism of plants (24), 
the authors assume, for purposes of the present discussion, that the plants absorb 
the greater part of their nutrient cations from soil solution. 

REVIEW OP THE LITERATURE 

It was once thought, and is still held by some investigators, that lime tends to liberate 
the soil potassium. Subsequent investigations, particularly the extensive lysimeter studies 
of MacIntire and his associates (31), have shown conclusively that lime exerts a repressive 
effect on the solubility of soil potassium. Guthrie and Cohen (21) found that only m sandy 
soils did liming have any effect in increasing the amount of water-soluble potassium. Lip- 
man and Gericke (26) also questioned the liberation of soil potassium by lime. Gaither 
(18) concluded that little, if any, potassium is made available by liming. Wheeler (47) 
asserted that “liming was of no great value on the Kingston soil as a liberator of potas¬ 
sium.’* Fraps (16) found no appreciable liberation of potassium by lime as measured by 
solubility in dilute acid or the amounts removed by crops. Lyon and Bizzell (29) reported 
that lime did not increase the quantity of potassium in the drainage water or in the crop. 
Wilson (48) showed that heavy applications of lime to different soils had no consistent effect 
on the exchangeable potassium. Ames and Simon (3) found a larger amount of water- 
soluble potassium in the unlimed than in the limed soil due to greater adsorption of potas¬ 
sium by the limed soil. Brown and MacIntire (10) also reported that water extractions of 
soils from the Pennsylvania plots showed more potassium in solution in the unlimed soil 
than in the limed soil. Shedd (42) found that CaCOs decreased the solubility of soil po¬ 
tassium in water and reduced the amount extracted with ammonium nitrate solution. 
Schollenberger and Dreibelbis (39), in their studies on the fertility plots at Wooster, Ohio, 
found that the exchangeable potassium content of the limed soil was only slightly lower 
than that of the unlimed soil. Naftel (32) also found that the exchangeable potassium 
was reduced with each increment of CaCOs, but the addition of CaCOs and MgCO* in 
equivalent amounts increased considerably the amount of exchangeable potassium. 
McGeorge (30) reported that the exchangeable potassium is readily replaced from cal¬ 
careous soils by ammonium salts but not by calcium salts. Allaway and Pierre (2) showed 
that unproductive high-lime soils of Iowa contained less exchangeable potassium, fixed 
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more potassium into nonexchangeable form, and showed a less rapid liberation of the non- 
exchangeable potassium than the adjacent normal soils. Bradley (9) found that lime gave 
increases in soluble potassium. Bradheld (7) pointed out that failure to consider the soil 
acidity has led to many disputes concerning the question of liberation of soil potassium by 
lime and showed that, unlike CaS04, CaCO* cannot appreciably liberate soil bases until 
the acidity of the soil is neutralized. Jenny and Shade (23) pointed out that “without a 
single exception, all laboratory experiments performed by the authors show that CaCOa 
liberates adsorbed potassium from soil colloids” and suggested that the depressive effect of 
lime on the availability of potassium may be due to fixation of potassium by soil micro- 
orgamsms. The possibility of lime-induced microbiological fixation of potassium was also 
indicated by Dean (12). 

The literature is also conflicting in views concerning the effect of lime and magnesia on 
the absorption of potassium by plants. In extensive discussion of the subject, Ehrenberg 
(13) points out that, as lime additions are increased, the assimilation of potassium by the 
plant decreases, often resulting in an injury to the plant on soils with a limited supply of 
potassium. This suppressive effect of lime on the uptake of potassium by plants has been 
observed by many investigators, among whom may be mentioned Loehwing (28), Nemec 
and Gracanin (33), Bledsoe (5), Plummer (37),Fonder (15), Brown andMcIntire (10), Salter 
and Ames (38), Lipman, Blair, and Prince (27), Swanback and LeCompte (44), and Stan¬ 
ford, Kelly, and Pierre (43). 

According to other investigations, lime either has no effect or actually favors the as¬ 
similation of potassium by plants. Gunther (20) found no change in the absorption of 
potassium by plants upon addition of increasing amounts of lime to an acid soil. Jenny 
and Ayres (25), in their studies of the influence of degree of saturation on the nutrient in¬ 
take by barley roots, found that exchangeable calcium had little effect on the uptake of 
potassium. Van Itallie (22) also found that increasing the amount of exchangeable calcium 
in the soil showed but little influence on absorption of potassium by Italian rye grass. 
Wrenshall and Marcello (51) concluded, from results of field experiments, that lime had 
little or no effect on the utilization of potassium by plants. Gericke (19), however, found 
by Neubauer’s method that the amount of potassium absorbed by the plants was actually 
increased by large applications of lime. Very recently, Albrecht and Schroeder (1, 40) 
reported that the percentage of potassium, as well as the total amount absorbed by spinach 
and potato tops from colloidal clay cultures increased with increasing supply of exchange¬ 
able calcium. They (40) wrote that “rather than ‘antagonistic' effect of the calcium on 
the potassium, there is apparently a ‘synergistic’ effect, in that the calcium is associated 
with movement of potassium into the tops.” 

From the literature cited, it is obvious that the calcium-potassium relationship both in 
soils and in plants is not only obscure but confusing. 

DISCUSSION 

Effect of lime and magnesia on the soil 'potassium 

Although the amount of exchangeable potassium in the soil at any one time 
is rather small and more or less constant, it is generally believed that this form, 
being in equilibrium with that in soil solution, represents the immediate source 
of readily available potassium for plants. There are two ways, then, in which 
lime may decrease the availability of soil potassium: first, by inducing the con¬ 
version of exchangeable potassium into nonexchangeable forms, and second, by 
enhancing the power of the soil colloids to adsorb the potassium from soil solu¬ 
tion, thus displacing to the left either one or both of the soil potassium equilibria 
indicated below: 

Nonexchangeable K ^ Exchangeable K ;=± K in soil solution 
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It should be pointed out here that Wood and DeTurk (49) do not consider 
potash fixation in nonexchangeable forms as being detrimental to crop utiliza¬ 
tion, since the fixed potassium is in equilibrium with the exchangeable form. 

EJfect of lime on equMmum I. There is some evidence that lime promotes 
fi.\ation of potassium into nonexchangeable forms. Sears (41), working with an 
infertile calcareous soil, found that this soil was capable of fixing potassium in 
nonreplaceable form. That lime additions may induce potassium fixation in 
some soils at least, was shown by Volk (46); however, the increases in fixation 
due to lime were small in proportion to the potassium-fixmg capacity of the soils. 
In their investigations of potassium-deficient calcareous soils of Iowa, Allaway 
and Pierre (2) ^owed that the calcareous soils fixed much larger amounts of 
potassium into nonexchangeable forms than did the acid upland soils. Blume 
and Purvis (6) also found that liming increased the fixation of potassium into 
nonexchangeable form. Peech and Bradfield (35) did not detect potassiiun 
fixation in Miami colloidal clay regardless of the degree of calcium saturation. 
Worsham and Sturgis (50) found little difference in potassium fixation between 
calcium- and the corresponding hydrogen-saturated soils. WrenshaU and Mar¬ 
cello (51) found that lime had no effect on potassium fixation under field condi¬ 
tions. In their laboratory studies, however, they foimd that, without addition 
of potassium, lime applied at the rate equivalent to 25 tons per acre had virtually 
no effect on potassium fixation, but when 1,000 pounds per acre of KjO was 
added as the chloride, lime increased slightly the fixation of potassium into non¬ 
exchangeable form. 

Althou^ it has been shown that certain calcareous soils possess a high capac¬ 
ity to fix potassium into nonexchangeable form and that, in some soils, lime in¬ 
creases potassium fixation, it is questionable whether moderate applications of 
lime, even over a long period of time, under practical field conditions, promote 
significant conversion of the native or added potassium into nonexchangeable 
forms, and if so, whether this would be reflected in the crop utilization of po¬ 
tassium. 

Little information is available on the influence of lime on the rate of conversion 
of potassium from noncxchangeablc to exchangeable form, but it seems reason¬ 
able to suppose that the rate of conversion would increase with increasing acidity 
of the soil, as in the case of the primary potassium-bearing minerals like biotitc 
and orthoclase reported by Peech and Bradfield (35). The work of Kne, Bailey, 
and Truog (14) also indicates that lime tends to inhibit the release of fixed potas¬ 
sium upon freezing and thawing. 

Effect of lime and magnesia on equilibrium II. The equilibrium between the 
exchangeable potasaum and that in soil solution (equilibrium II), as affected by 
lime and magnesia, has been studied perhaps in greater detail than equilibrium 
I. Peech and Bradfield (35) investi^ted the adsorption of potasaum from KCl 
by Miami colloidal day as a function of the degree of saturation of the day with 
calcium and magnesium, and in the presence of excess CaCOs and MgCOs brou^t 
in equilibrium with the partial COj pressure of the air. Portions of their data 
are presented graphically in figures 1 and 2. 
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In the reaction, 

(clay) + KCl H* (clay) + 

potasfidum from KCl replaces Ca more readily than H on the clay, because of the 
relative posdtion of Ca and H in the lyotropic series. The extent to which this 
reaction will proceed to the right will depend largely, therefore, on the initial 
degree of Ca-satuxation of the clay. It diould be obvious from this reaction that 
an increase in the degree of caldum saturation will favor the adsorption of potassium 
from its neutral salts, whereas an increase in CaAon concentration will effect the 
liberation of the adsorbed potassium. As shown in figure 1, the adsorption of 



Fig. 1. Adsoeption op K peou KCl by Clays Satub\ted with Vaeying Amounts of Ca 
A, H-elay; B, 25 per cent Ca-saturated clay; (7, 50 per cent Ca-saturated clay; Z), 75 
per cent Ca-saturated clay; E, 100 per cent Ca-saturated clay; F, Ca-clay in the presence of 
an excess of CaCOs brought in equilibrium with the partial CO 2 pressure of the air. 

Fig. 2. Adsorption op K prom KQ by Clays Satur \tbj> with Varying Amounts op Mg 
A, H-clay; B, 25 per cent Mg-saturated clay; C, 50 per cent Mg-saturated clay; D, 75 
per cent Mg-saturated clay; E, 100 per cent Mg-saturated clay; F, Mg-clay in the presence 
of an excess of MgCOs brought in equilibrium with the partial CO 2 pressure of the air. 

potassium from solution increased rapidly with increasing degree of calcium 
saturation of the day. The potassium adsorption isotherm, for clays to which 
an excess of CaCOs had been added and brou^t in equilibrium with the CO 2 of 
the air, dropped immediately below that for clays which were just 100 per cent 
saturated with calcium. This was due, of course, to the rapid increase of Ca 
ions in solution, resulting from addition of an excess of CaCOs. Bradfield and 
Allison (8) have diown that a true equilibrium is reached under these conditions. 
The clay will have adsorbed a maximum amount of calcium, and a definite con¬ 
centration of Ca ions will exist in solution, depending upon the partial CO 2 
pressure of the air. It is interesting to note that, even in the presence of an 
excess of CaCOs, the adsorption of potasaum by Ca-clay was considerably 
greater than that by H-clay. As mi^t be expected, the influence of magnesium 
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on the clay upon the adsorption of potassium from KCl, as ^own in figure 2, was 
similar to that of calcium except that the adsorption of potassium was reduced 
considerably more in the presence of an excess of MgCOs than in the presence of 
an excess of CaCO*, because of the greater solubility of MgCO* in equilibrium 
with the COj of the £dr. In fact, the adsorption of potassium in the presence of 
an excess of MgCOa was reduced below that of day 25 per cent saturated with 
magnesium. The final effect of the addition of lime and magnesia to a soil on 
the adsorption of potassium from neutral salts is thus determined by the recip¬ 
rocal effects of the adsorbed calcium (or magnedum) and the Ca (or Mg) ions in 
solution. It is evident from figure 1 that, on add soils, lime will decrease the 
potassium in soil solution because of the increase in the amount of adsorbed 
calcium and, consequently, greater adsorption of potasdum from its neutral 
salts. When applied to soils already saturated with caldum, lime will liberate 
the adsorbed potasdum and increase its concentration in soil solution. On 
slightly add soils, where the influence of the small increase in the caldum satura¬ 
tion may just offset the liberative effect of the Ca ions brou^t into solution, lime 
wiU have no effect on the potasdum concentration in soil solution. This may 
partly account for some of the apparently contradictory results relative to the 
liberative action of lime on the soil potasdum obtained hitherto by different 
investigators. It is also evident why CaSOi should invariably liberate the 
adsorbed potasdmn regardless of the initial degree of base saturation of the soil. 
When applied to an acid soil, CaSO^ cannot appreciably increase the degree of 
calcium saturation through hydrogen exchange; however, because of the com¬ 
paratively hi^ solubility of this salt (26 m.e. per liter), the Ca ions in solution 
will invariably liberate the adsorbed potasdum. This is in agreement with the 
results reported by other investigators. The foregoing generalizations concern¬ 
ing the effects of lime and magnesia, based on the studies of adsorption by clays, 
of potasdum added as KCl, should be equally valid when applied to soils to 
which no neutral potasdum salts necessarily had been added, provided, of course, 
that any soluble neutral salt (chloride, sulfate) is present. These findings were 
confirmed recently by Ayres (4). 

In li^t of the experiments just discussed, it can be readily seen why lime and 
magnesia should, under certain conditions, exert a suppresdve effect on the 
solubility of soil potasdum as measured by lysimeters and water extractions. 
The comments of Sears (41) on the hi^ adsorptive capacity of a calcareous soil 
to remove potasdum from solution, and of Ames and Simon (4) on the greater 
adsorption of soluble potassium by the limed soil, as compared with the unlimed 
soU, are noteworthy here. Shedd (42) also observed that “lime increases the 
capacity of the soil to adsorb soluble K.” 

Inasmuch as some significance has been attached to the Ca/K ratio in soil 
solution in connection with the Ca-K interactions in plants, it may be well to 
point out here that additions of CaCOs and MgCX)* may actually induce great 
variations in the Ca/K or Mg/K ratio of the soil solution. The increased ad¬ 
sorption of potasdum and the corresponding diminution in potasdum concen¬ 
tration of soil solution, with the increasing degree of caldum and magnedum 
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saturation shown in figures 1 and 2, were accompanied by an approximately 
equivalent exchange of calcium and magnesium into solution. For a given 
amount of potassium added, as the potassium-ion concentration in solution 
decreased, the Ca- or Mg-ion concentration in solution increased with the respec¬ 
tive increase in the degree of Ca- or Mg-saturation. Because of the inverse 
Ca-K or Mg-K relation in soil solution, the ratio Ca/K or Mg/K of the solution 
was found to increase very rapidly with the increasing degree of calcium or 
magnesium saturation respectively. The interesting observation of Pierre (36) 
regarding the relation between the Ca/K ratio in soil solution and the pH of the 
soil is pertinent. He found that, with increasing pH of soils, the calcium concen¬ 
tration increased while the potassium concentration in soil solution decreased; 
in consequence, the Ca/K ratio increased rapidly with the increasiug pH. In 


discussing the ecological dgnificance of the 


K-I-Na 

Ca 


ratio in soil solution, Pear¬ 


sall (34) also quoted Olsen’s work showing that the ratio 


—p ;— m carbonated- 
Ca 


water extracts decreased with the increaang pH of soils. 

Thus far, our discussion has been limited to the influence of CaCOs and MgCOs 
on the equilibrimn between the exchangeable potassium and the potassium in soil 
solution (equil. II) in the presence of neutral salts. If we exclude the presence 
of any neutral salts (of strong adds), the potasdum in soil solution is determined 
largely by hydrolysis, as would be the case, for example, in soils of humid regions 
to which no fertilizer had been recently applied. Conductometric titrations of 
hydrogen day with bases show that there is no appreciable hydrolysis until the 
day is nearly saturated. The presence of exchangeable hydrogen should, there¬ 
fore, decrease the hydrolysis of the adsorbed potasdum in accordance with the 
mass law: 


K-clay + HOH 
K+ = Kh 


- KOH -f- H-day 
(K-day) 

(H-day) 


where Kj is the hydrolyds constant of K-day. In tables 1 and 2 are listed some 
of the unpublished results of Peech,^ who studied the hydrolysis of K-clay in the 
presence of increasing additions of H-day and Ca-day, using Miami electro- 
dialyzed colloidal day (0.1 n effective diameter). Unless otherwise indicated, 
the dal's were ultrafiltered, hydrogen gas being used for pressure to prevent 
conta minati on with COj, followed by determination of potasdum in solution. 
As shown in table 1, the addition of H-day to a constant amount of K-clay 
decreased the concentration of potasdum in solution but did not suppress the 
hydrolysis of K-day suflfldently to give a constant value for the hydrolysis 
constant, which varied from 1.9 to 21.3 X 10—®. The results given in table 2 
diow the influence of various increments of Ca-day on the hydrolysis of K-day. 
Assumiug that the activities of the adsorbed cations are not affected by one 

»Peech, M. The effect of lime and neutral calcium salts on the solubility of soil potas¬ 
sium. Doctoral dissertation, Ohio State Umversity, 1933. [Unpublished ] 
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another, it is reasonable to suppose that Ca(0H)2 produced by the hydrolysis of 
Ca-clay should inhibit the hydrolysis of K-clay. On the contrary, an anomalous 
effect of Ca-clay on the hydrolysis of K-clay was actually found, in that the 
presence of Ca-clay increased the potassium concentration in solution. This 
effect of Ca-clay was more pronounced in the absence of CO 2 than in the aerated 
series (brought to equilibrium with CO 2 of the air). As might be expected, the 
amounts of potassium found in solution were greater in the aerated than in the 
nonaerated series. The addition of CaCOs to K-clay (number 5 m the aerated 
series) resulted in a marked liberation of the adsorbed potassium. From simul¬ 
taneous consideration of the combined effects of H-clay and Ca-clay on the 


TABLE 1 

Effect of H-clay on hydrolysis of K-clay 


K-oay 

H<lay 

£ m SOLUTION 

KiXlOf 

pH 


in.e. 

m,e. 



0.645 

0 


1.9 

9.50 

0.645 

0.258 


7.2 

7.45 

0.645 


BBH 

16.5 

6.32 

0.645 



21.3 

6.20 


Final volume 100 ml. 


TABLE 2 

Effect of Ca-clay on hydrolysis of K-clay 


Number 

E-clay 

Ca-CLAY 

IN THE ABSENCE OF GOs 

AERATED 

£ in soln. 


Kin soln. 

pH 


m,e. 

m.e. 



ffi.e. 


1 

0.645 

0 


9.50 

mSm 

8.22 

2 

0.645 

0.258 


9.20 

■19 

8.12 

3 

0.645 

0.645 


8.90 

■19 

8.00 

4 

0.645 


0.0525 

8.90 


8.20 

5 

0.645 

0* 

.... 

.... 

0.363 

9.00 


* Number 5 in the aerated series received 0.15 gm. CaCOs. Final volume in each case 
100 ml. - 


hydrolysis of K-clay, it is obvious that,/or a given degree of potassium saturation^ 
the extent of hydrolysis of the adsorbed potassium will increase rapidly with the in¬ 
creasing degree of (xddum saturaiion. This is substantiated by the experiments 
of Jenny and Shade (23), who reported that “as soon as CaCOa is added large 
amounts of K are replaced in every case, even in the acid system where not 
enough CaCOa had been introduced to neutralize all the exchangeable H ions.” 

It is evident that the influence of lime on the equilibrium between the ad¬ 
sorbed potassium and that in soil solution (equilibrium II) in the absence of 
neutral salts is quite different from that in the presence of neutral salts of strong 
acids. The matter is still more complicated because the effect of lime on soil 
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potasaum in the presence of neutral salts may work in opposite direction to that 
in the absence of neutral salts, and failure to differentiate between the two cases 
is certain to lead to erroneous conclusions. It is no wonder that considerable 
confudon has arisen relative to the action of lime on the native and added potas¬ 
sium in the soil. 

Infiuence of lime and magnesia on Ike absorption of potassium hy planis 

The repressive effect of lime on the absorption of potassium by plants as well 
as the inverse Ca-K relationship commonly observed in plsmts has been attrib¬ 
uted by some investigators to “ion antagonism,” or more properly termed “mu¬ 
tual ion replacement” and “ion competition” (11,22). An excellent illustration 
of this inverse relation, with a high degree of correlation, between the amounts of 
potassium and cal cium in alfalfa plants grown on different soil types of vsirying 
texture has been presented by Fonder (IS), who regarded this inverse relationship 
as a natural phytiological balance, being in turn determined by the available 
calcium and potastium supply in the soil. Agreement appears to be lacking, 
however, among plant phytiologists on Ca-K interaction in plants. Collandcr 
(11), for example, found that ion antagonism or ion replacement in the plant was 
conned to closely allied cations (not between divalent and univalent cations) 
and demonstrated that the uptake of potastium was rather independent of the 
calcium concentration of the culture solution. In a recent article Viets (45) 
presented data to show that the presence of either calcium or magnesium in the 
nutrient solution appredabb’^ increased the absorption of potassium by barley 
roots. He questions the antagonistic effect of caldum on the absorption of 
potassium by plants and believes that the experiments upon which the con¬ 
cept of ion antagonism was based, were performed with hi^ and often toxic 
concentration of salts. Yan Itallie (22), working with soil in which the ex¬ 
changeable cations were varied widely, demonstrated that mutual cation replace¬ 
ment took place in the plant in nearly equivalent amounts. The replacement 
value was largest for potassium and decreased progrestively for sodium, magne- 
siiun, and calcium in the order ^ven. Thus, the exchangeable potassium greatly 
diminMied the uptake of Ca by Italian rye grass, whereas increments of ex¬ 
changeable calcium tiiowed but little infiuence on the absorption of potassium, 
jllagnedum, however, distinctly depressed the uptake of potassium. 

On the basis of the evidence just discussed, it would appear that the uptake 
of potastium by plants is not affected appredably by caldum, whereas pota^um, 
the cation which is most readily absorbed by plants, suppresses the uptake of 
both caldum and magnesium. Accordin^y, the inverse Ca-K relationship in 
plants may be recoded as bdng primarily controlled by the available supply of 
potasdum and comparatively little affected by the available caldum supply in 
the nutrient medium. In accepting this view, it is hard to reconcile the fact 
that plants absorb greater quantities of potassium from sandy soils low in ex¬ 
changeable potasdum than from heavier soils containing larger amounts of ex- 
diangeable potasdum and caldum (15, 17) without aBBiiTning that when the 
concentration of caldum, and particularly the Ca/K ratio, in the soil HpliitipT ) 
become very high, caldum does exert a suppresdve effect on the uptake of potas- 
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sium by plants. It has been shown how the addition of lune to an acid soil 
containing neutral salts will appreciably increase the calcium concentration, 
simultaneously decrease the potassium concentration, and thus very markedly 
increase the Ca/K ratio in soil solution. Under such conditions, the addition of 
lime will result in decreased absorption of potassium by the plarits, the observed sup- 
pressive effect of lime being induced prirmrily by Ca-K interactions initiated in the 
soil. Not precludmg the possibility of lime-induced jfixation of potassium ioto 
nonexchangeable forms in calcareous soils (2), the fact that such soils have been 
found to respond markedly to potassium, even when supplied with exchangeable 
potassium in quantities greater than is normally found in productive acid soils, 
would also lead us to believe that the low potassium-supplying power of these 
soils is due to the low concentration of potassium and the hi^ Ca/K ratio of the 
soil solution. It has already been pointed out that the effects of addition of lime 
to a soil containing neutral salts on the potassium concentration and on the Ca/K 
ratio of soil solution may be variable, depending upon the initial degree of base 
saturation of the soil. That the effects of lime on the uptake of potassium by 
plants under such conditions may also be variable is attested by the conflicting 
results often observed on soils containing neutral salts. 

Returning now to the action of lime on the soil potassium in the absence of 
neutral salts, it will be recalled that, in this case, the addition of lime will lib¬ 
erate the adsorbed potassium even vrhen an insufficient amount is added to 
neutralize all of the exchangeable hydrogen. Since the calcium concentration 
in the soil solution will not be increased appreciably until an excess of CaCOs is 
added, one would expect that moderate applications of lime to an acid soil in the 
absence of neutral salts should invariably increase the potassium concentration 
but should have comparatively little effect on the Ca/K ratio in soil solution. 
In such a case, the absorption of potassium by the plants should remain unaffected 
or may be even increased by the addition of lime. Unfortunately, only few experi¬ 
ments reported in the literature can be cited in support of this statement, because 
the chemical characteristics of the soil and other experimental conditions under 
which the results were obtained are often lacking. Van Itallie (22), work¬ 
ing with soils in which the variations in the relative amounts of the adsorbed 
cations were effected by the addition of the hydroxides of the respective cations 
to an acid soil, reported that increasing amounts of exchangeable calcium had 
little influence on the uptake of potassium by plants. More recently, Albrecht 
and Schroeder (1, 40) reported that the percentage of potassium and the total 
amoimt of potassium absorbed by spinadi and potato tops from colloidal clay 
cultures increased with increasing additions of Ca-clay to a constant amount of 
K-clay. It may be concluded, therefore, that when the experimental conditions 
axe properly evaluated, the apparently conflicting results reported concerning the 
intricate Ca-K relationships in soils and plants are indeed in fairly good agree¬ 
ment. 


SUMMARY 

A critical review of the literature reveals that the apparent confusion concern¬ 
ing the effect of lime and magnesia on the soil potassium and on the absorption 
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of potassium by plants bas arisen largely because of failure to evaluate properly 
the experimental conditions under which the results were obtained and to dis¬ 
tinguish the Ca-K interactions in the soil from those in the plant. The addition 
of lime to soils containing neutral salts (of strong acids) may have no effect, may 
decrease, or may increase the concentration of potassium in soil solution, depend¬ 
ing upon the initial degree of base saturation of the soil. In the absence of 
neutral salts, the addition of lime will invariably liberate the adsorbed potassium 
even when an insufficient amount is added to neutralize all of the exchangeable 
hydrogen. Experimental facts regarding the influence of lime on the uptake of 
potas^um by plants can be readily interpreted in the li^t of these effects of lime 
on the soil potassium, particularly on the Ca/K ratio of the soil solution. When 
the experimental conditions are properly evaluated, the apparently conflicting 
results reported concerning the intricate Ca-K relationships in soils and in plants 
are indeed in fairly good agreement. 
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Many field experiments dealing with the mineral requirements of fruit trees 
have been conducted in various parts of the country on different soil types 
during the last 25 years. These investigations have shown that apple and peach 
trees in most fruit-producing areas of the United States made satisfactory 
growth when supplied with nitrogen in some form. This element, in fact, 
seemed to be the only nutrient in applied fertilizers to which trees ^owed a 
marked response. Other essential mineral nutrients were apparently obtained 
from the soil in sufficient quantities for optimal growth of the trees. On some 
of those same orchard soils agronomic crops would not make satisfactory growth 
without liberal applications of phosphorus and potassium in addition to nitrogen. 
It is recognized that perennial plants with large and deep root systems may be 
able to obtain adequate nutrients from the soil or soil solution for satisfactory 
growth where plants with less extensive root systems may be limited to the 
available supply in a more restricted area. 

In recent years it has been observed that in some regions fruit trees, even 
though well supplied with nitrogen, have not made satisfactory growth. Peach 
trees, for example, on some soil types and in certain locations have shown leaf 
abnormalities, suggesting mineral deficiencies as the probable cause, alfhou^ 
orchards lowing these deficiencies constitute a smaU percentage of the total 
acref^ of fruit trees. Some of these orchards are planted on coarse-textured 
soils such as the sandy and gravdly loams and the leadied soils of the Coastal 
Plain area. More recently leaf scorch of apple leaves similar to that reported 
by Wallace (15) and found to be due to lack of available potassium in the soil 
has been observed in a few areas in the eastern part of this country (13). Fruit 
trees in some sections also have shown leaf-deficiency eyiuptoms as a result of 
inadequate supplies of some of the minor elements. little leaf, caused by 2 inc 
deficiency (5), and die-back of shoots and internal cork of the fruit, due to boron 
deficiency, are examples. To a more limited extent magnesium and manganese 
deficiencies have been observed, particularly on citrus in the Southeast. 

Much information on soil-plant relalion^ps has been gained from researches 
on the intake of nutrient ions by plants in soil, water, and sand cultures. It has 
been possible to carry many plants throu^ the vegetative and reproductive 
cycles, determining their mineral requirements and utilization, as well as growth- 
deficiency symptoms that appeared when nutrients were inadequate during any 
stage of growth. Much progress also has been made with various quick tests 
of the soil solution to determine the level of nutrient supply, and with various 
pbnt-tissue tests to determine the level of supply within t^ plant growing on 
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the soil. This information has been most helpful, particularly with field crops, 
in interpreting plant response and has served as a basis for fertilizer practices. 
It been more diflS.cult to study the mineral requirements of fruit trees during 
both the vegetative and the reproductive phases of growth, largely because of 
the size of the trees, the time required to bring the trees into fruit, and the 
necessity of maintaining requisite environmental conditions for gi*owth and 
fruiting. Considerable experimental evidence, however, has accumulated in 
recent years from studies with peach and apple trees in sand culture designed 
to determine mineral requirements and symptoms of mineral deficiency (3, 
4, 6, 8, 9). 

In this paper discussion will be confined to some studies that have been made 
by the authors during the last 6 years on the growth response of young peach 
and apple trees to varying nutrient levels of N, P, and K in sand culture as 
related to the amounts of these elements found in the leaves. Establishment of 
certain quantitative relationships among nutrient supply in the medium, foliar 
analysis, and tree response would be helpful in stud 3 dng requirements under 
field conditions, particularly if leaf analysis could likewise be used as an index 
of the adequacy of nutrients available to the tree. 

EFFECT OF NUTRIENT SUPPLY ON GROWTH AND LEAP COMPOSITION 

In preliminary experiments, nitrogen levels maintained in sand cultures have 
ranged from 0 to 168 p.p.m.; phosphorus, from 0 to 93; and potassium, 
from 0 to 117, with all other elements supplied in adequate and equal con¬ 
centrations for each series. In these cultures, characteristic growth symptoms 
resulting from nutrient deficiencies have been studied, and the optimal level for 
satisfactory growth of 1-year-old trees has been determined. The amounts of 
nitrogen, phosphorus, and potassium in the leaves of trees receiving various treat¬ 
ments have been determined quantitatively (6,14,18). 

The most outstanding differences in growth were due to changes in the N level, 
as shown in table 1. Satisfactoiy growth of peach trees in sand culture was made 
only when the N content of the nutrient solution was maintained at 60 or more 
p.p.m- The green weight of tree produced was much less with minimum levels 
of N than with low levels of either phosphoms or potassium. Trees adequately 
supplied with N and P did not show marked reduction in total length of growth 
even when the nutrient solution contained only 2 p.p.m. of potassium, but char¬ 
acteristic leaf symptoms of K deficiency were apparent and the total weight of 
growth was lower than that on trees grown with 10 p.p.m. of potassium. Simi¬ 
larly, trees adequately supplied with nitrogen and potassium made satisfactory 
growth when phosphorus in the nutrient medium was as low as 4 p.p.m. Below 
this concentration, growth was affected and deficiency symptoms became appar¬ 
ent. The amount of nitrogen, phosphorus, and potassium found in the leaves 
diowed a dose correlation with the supply of these three elements in the nutrient 
solution. 

Similar results were obtained with apple trees, as shown in table 2. With 
increased concentrations from 2 to 60 p.p.m. of nitrogen, growth increased almost 
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TABLE 1 


Growth of peach trees arid composition of leaves as affected hy varying amounts of N, P, and K, 

in nutrient solution 


NUTRIENT SOLUTIONS 

AVERAGE 

TOTAL 

LENGTH 

AVERAGE 
TREE CIR~ 
CUMPERENCE 

TOTAL 

WEIGECT 

LEAF ANALYSIS* 

N 

P 

K 

N 

P 


p.p.m. 

p.p.m. 

p.pM. 

cm* 

cm. 

gm. 

per cent 

per cent 

percent 


Nitrogen series 


120 

93 


1032 

5.7 

615 

3.1 

0.41 

3.1 

60 

93 


1169 

5.8 

589 

2.5 


3.5 

30 

93 


703 

4.5 

381 

1.9 



15 

93 


251 

3.5 

184 

2.1 


2.9 


Potassium series 


168 

93 

60 

mmm 

5.8 

477 

3.1 

0.35 

2.7 

168 

93 

30 


5.7 

556 

3.3 

0.54 

1.7 

168 

93 

10 

1195 

5.3 

580 

3.3 

0.52 

0.67 

168 

93 

5 

1182 

4.7 

474 

3.0 

0.54 

0.50 

168 

93 

2 


4.5 

420 

3.0 

0.50 

0.47 


Phosphorus series 


168 

40 

117 

1471 

6.2 

570 

3.1 

0.33 

2.9 

168 

20 

117 

1149 

6.1 

599 

2.9 

0.31 

3.0 

168 

10 

117 

1186 

6.1 

685 

2.9 

0.20 

2.8 

168 

4 

117 

1153 

5.9 

646 

2.5 

0.13 

2.4 

168 

2 

117 

907 

4.9 

395 

2.5 

0.11 

2.4 


* On dry-weight basis. 


TABLE 2 

Effect of different concentrations of N, K, and P on the growth of apple trees 


NITROGEN SERIES* 

FOTASSIDIC SERIES* 

phosphorus series* 

N in 
nutrient 
solution 

Total 

linear 

growth 

Green 
weight 
of tops 

Leaf analysist 

Kin 

Total 

Green 
weight 
of tops 

Leaf analysis 

P m 

Total 

Green 
weight 
of tops 

N 

K 

solution 

growth 

N 

K 

solution 

growth 

p.p.m. 

cm. 

gm. 

percent 

Percent 

p.pjm. 

cm. 

gm. 

percent 

percent 

p.p.m. 

cm. 

gw. 

168 

590 

341 

1.85 

2.31 

117 


341 

1.85 

2.31 

93 

590 

341 

60 

523 

313 


2.35 


482 

314 

1.84 

1.95 

40 

601 

369 

30 

351 

232 

1.39 

2.29 


315 

227 

1.82 

1.69 

20 

550 

355 

15 

157 

106 

1.23 

2.35 


254 

197 

1.81 

.83 

10 

660 

365 

5 

118 

51 

1.15 

1.93 

4 

149 

104 

1.78 

.68 

4 

541 

349 

2 


34 

.94 


2 

138 

84 

1.65 

.66 

2 

292 

216 



31 

.... 



111 

51 

1.61 

.33 

0 

108 

37 


* Total linear growth and green weight of top values represent an average of four trees 
in each treatment. 

t On dry-weight basis. 


quantitatively. Increase in growth with concentrations above 60 p.p.m. was 
less marked. With increasing concentrations of potassium in the nutrient, 















































52 


F. P, CULLINAN AND L. P. BATJER 


growth also was increased, but not so markedly as with nitrogen. Response to 
phosphorus was gimilfly to that of the peach. Growth was approximately uni¬ 
form in all series receiving 4 or more p.p.m. of phosphorus. Only when this 
element w^as completely lacking in the nutrient, however, did deficiency symp¬ 
toms occur. Leaf analyses reflected the concentrations of nitrogen, phosphorus, 
and potassium supplied in the nutrient. 

Nutrient levels having been established for optimal growth of peach and apple 
in sand culture, as well as levels that were inadequate, it seemed desirable to 
study possible interactions in the nutrient medimn of varying concentrations of 
N, P, and K on growth and possible cause of deficiency symptoms on peaches. 
For this purpose, concentrations that had been shown to give deficiency igonp- 
toms, as well as intermediate concentrations and those that ^ould be adequate, 
were chosen. Three levels of N (9, 27, and 81 p.p.m.), three of K (3,10, and 
30 p.p.m.), and two of P (2 and 10 p.p.m.) were used. Three trees were grown 
in sand culture with each of the 18 combinations, and the nutrients were flushed 
through the sand at regular intervals tmder time-clock control. Similar experi¬ 
ments have been set up to study the interaction of nitrogen, potassium, and cal¬ 
cium with the phosphorus content adequate and uniform for all combinations. 

As in previous experiments the most outstanding differences in growth were 
those due to nitrogen at the various levels, irrespective of the amounts of other 
nutrients supplied. With low nitrogen all trees showed reduced growth, with 
foliage characteristic of nitrogen deficiency. An increase in the nitrogen level 
resulted in significantly increased growth, even with phosphorus and potassium 
at their loTvest levels, and this increase became greater at the higher levels of 
phosphorus and potassium. On the other hand, only when nitrogen was sup¬ 
plied at intermediate and adequate levels could phosphorus and potassium defi¬ 
ciencies be noted. Potassium at the levels used showed less direct effect on 
growth than did nitrogen or phosphorus. No foliar potassium-deficiency s^mip- 
toms were observed at the lowest levels of either nitrogen or phosphorus, but they 
were apparent in the low-potassium trees at the intermediate and adequate levels 
of nitrogen and at the adequate level of phosphorus (16). 

The amount of potassium in the leaf increased with increasing concentrations 
of this element in the nutrient, accumulating in the leaves of trees inadequately 
supplied with nitrogen for optimal growth and decreasing when the nitrogen 
content of the nutrient was high and the trees were more vegetative. Thus when 
nitrogen in the nutrient was maintained at 20 p.p.m., and the potassium supply 
was adequate (30 p.p.m.), the potassimn content of the leaf was around 2.9 per 
cent on a dry-weight basis, whereas at 85 p.p.m. of nitrogen, and with trees mak¬ 
ing excellent growth, the potassium content of the leaf dropped to 1.5 per cent. 

Calcium showed a similar decrease, though less marked than that of potassium, 
with increasing concentrations of nitrogen. When both nitrogen and calcium 
were held at a high level in the nutrient and potassium was at a low level, defi¬ 
ciency symptoms of the latter were more marked than with high nitrogen and 
lower calcium, though there was little difference in the potassium content of the 
foliage of trees under the two conditions. The effect of high calcium on the 
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intake of potassium has been noted by other workers where wide Ca/K ratios 
were maintaiaed (8). 

With 1-year old apple trees, concentrations of nitrogen at 100,25, and 10 p.p.m., 
potassium at 100,10, and 4 p.p.m., and phosphorus at 20 and 2 p.p.m. were used 



• Z0pfknn.P N5*/0Oppm.N K3*JOOp|tt«,K 
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Fig. 1. Interaction Epkbcts op Vakyino Levels of Nitrogen, rHosPHORUS, and 
PoTASSiuu ON Top Growth and on Composition of Leaves of 
1-YBAR-OLD York Apple Trees 

Top growth in grams, green weight; leaf composition in per cent, dry weight 


in all postible combinations. The 18 different treatments were studied on tix 
trees each (two varieties with three trees each). In all treatments, nutrient 
elements other tVinn the ones studied were kept at adequate concentrations. 
The effects on top growth and on composition of the leaves of one variety, the 
York, are shown in figure 1. 
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Increasing the concentrations of potassium and phosphorus in the nutrient 
solution had no significant effect on growth at the low-nitrogen level, but at the 
medium- and high-nitrogen level growth increased with increasing supply of 
these elements. No visible potassium- or phosphorus-deficiency symptoms were 
apparent in any treatment. Increased growth resulted with increased nitrogen 
supply at aU levels of both potassium and phosphorus. With the concentrations 
used, the lowest level of nitrogen was more limiting to growth than the lowest 
level of potassium or phosphorus either singly or in combination. 

The nitrogen content of the foliage was roughly proportional to the amount 
supplied in the nutrient solution, particularly imder conditions of high-phospho¬ 
rus supply; the potassium level of the nutrient solution had no significant effect 
on the nitrogen content of the leaves. 

The potassium content of the leaves was directly associated with the amount 
supplied in the nutrient solution but was also markedly influenced by nitrogen 
supply. With all three levels of potassium the amount of potassium in the leaves 
tended to increase with decreasing nitrogen. Phosphorus had no significant 
effect on potassium content of leaves. 

The phosphorus content of the leaves was directly associated with the supply 
of this element in the nutrient solution, but was also greatly affected by the 
nitrogen supply in the case of the high-phosphorus treatments. As was true with 
potassium, the phosphorus content of the foliage increased with decreasing nitro¬ 
gen. Also in the high-phosphorus treatments the phosphorus content of the 
foliage tended to increase with decreasing potassium. The phosphorus content 
of the foliage was not affected by the different potassium and nitrogen treatments 
at the low phosphorus level. 

DEFICIENCY SYMPTOMS ON PEACH AND APPLE 

Nitrogen 

The characteristic symptoms of nitrogen deficiency have long been recognized 
in crop plants. These symptoms are not greatly different on the foliage of fruit 
trees. Nitrogen deficiency was characterized by early cessation of terminal 
growth and subsequent color changes showing a gradation from green to yellow 
and progressing along the stem from the oldest to the youngest leaves. Under 
severe conditions of nitrogen shortage, peach foliage may develop light green 
spots, which later turn a distinct red, the affected portion abscissing and leaving 
holes surrounded by a red margin of leaf tissue. 

Potassium 

The peach appears to be very responsive in exhibiting foliage deficiency symp¬ 
toms. A number of characteristics seem to hold not only under sand culture but, 
as will be pointed out later, imder field conditions where the potassium level is low. 
Under low potassium, leaves of the peach are narrow and light green and have 
a tendency to pucker along the midrib; and under conditions of severe potassium 
shortage show grayish peppery spots on the leaf, marginal necrosis, and rolling of 
the leaf blade. Low-potassium trees exhibiting the above symptoms when ade- 
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quatdy supplied '(vith nitrogen may make good terminal idioot growth, althou^ 
the diameter of the shoots will usually be less than that of idioots well supplied 
with potassium. As indicated in table 1,1-year-old pea(di trees recdving 2 p.p.m. 
of potassium made as mudi terminal growth as those recdving 60 p.p.m. With 
the apple, differences in size and color of leaf are not so noticeable, and althmigh 
1-year-old apple trees in sand culture require rdatively as much potasdum as the 
peach, for satisfactory growth, leaf symptoms are not so marked except where 
maj^al bum or leaf scorch is apparent. 

Phosphorus 

Symptoms of phosphorus deficiency on the peach are also very marked and in 
many respects are just the opposite of potassium. The leaf is dark bluisih to 
puiplidi green but the quality of green differs from the live green of h^ nitn^en. 
The leaves diow no tendency to roll; the blade is narrow, leathery, and flat; and 
there is no evidence of puckering along the midrib. These symptoms have been 
observed only in sand culture and not under field conditions. 

■ POTASSIUM DBEICIBNCnr UNDER VIMJD CONDITIONS 

The discussion thus far has dealt with a study of the response of trees to vary¬ 
ing amoimts of N, P, and K in sand culture. Conditions for the rdease of the 
various bases and cations would be greatly modified under soil conditions where 
the energy of adsorption and release of ions is greatly affected by the soil com¬ 
plex. Recent studies in this field (1,10) stress the role played by the colloidal 
day partides in the rdease of important cations such as caldum and potassium. 

Studies were made on some 5-year-old peach trees growing in Sassafras gravelly 
and silt loam soil and showing foliar ^rmptoms of potassium defidency (7). 
Nitrogen had been supplied on different plots eadi year from four different 
sources; namdy, sodium nitrate, potassium nitrate, ammoniiun sulfate, and 
cyanamid. Caldum carbonate at the rate of 2,000 pounds per acre had been 
applied before the trees were set. Trees in all plots except those receiving potas¬ 
sium nitrate diowed characteristic thou^ not acute ^ 3 nmptoms of potassium 
shortage. The leaves dtowed puckering of the laminae aloi^ the midrib and 
tended to roll. Leaf analysis showed a potassium content of 1.5-2.0 per cent for 
trees recdving potasdum nitrate and 0.6 to 0.7 per cent for the other trees recdv- 
ing equivalent nitrogen from different sources but no added potasdum. 

The calcium content of the extracted soil solution by rapid test methods 
showed medium-high content, and quantitative analyses of the leaves showed 
adequate but not hi^ caldum content. The amoimt of potasdum available to 
the tree could have been influenced by the Ca/K ratio in the soiL There was an 
indication that some of the trees fertilized with caldum cyanamid had a lower E 
leaf content, but the analyses of leaves from trees with deffdency symptoms 
diowed no dgnificant difference between treatments with the different nitrogen 
carriers. likewise, there appeared to be no corrdation between the pH of the 
soil and the occurrence of E defidency. The pH of the soil under trees diowing 
the most acute S3nnptoms ranged from 5.8 in the first foot to 4.8 in the third foot. 
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All trees showing severe leaf curl regardless of treatment had a K leaf content 
under 1 per cent. Where potassium nitrate was added the potassium content of 
the leaf was increased in a 3-year period to an average of 2.6 per cent (table 3), 
The amount of potassium in the leaves of low-potassium trees varied annually 
with seasonal conditions and with the amount of fruit borne by the tree. Like¬ 
wise the potassium content of the leaves was highest early in the year and de¬ 
creased during the summer. A single sample of leaves taken about midsummer 
for foliar analysis gave marked differences of K content for low- and high-potas¬ 
sium trees. The growth response of these 6-year-old trees to an adequate 
nitrogen supply was simila r to that of 1-year-old trees in sand culture receiving a 
nutrient solution high in nitrogen and low in potassium. The leaves of trees 
fertilized with potassium nitrate were large and dark green with a potassium con¬ 
tent of 2 to 2.5 per cent, whereas trees not fertilized with potassium but receiving 
equivalent amounts of nitrogen were smaller, light green, roUed, and in some 
instances showed marginal necrosis, with a potassium content of 0.6 to 1.3 
per cent, 

TABLE 3 

Potassium content of Elberta peach leaves from fertilizer plots 


TfiEATMENT 

SOIASSnnC XH lEAVSS 


1937 

1938 

1939 

Sodium nitrate. 

percent 

0.71 

percent 

0.99 

per cent 

1.30 

Potassium nitrate. 

1.58 

2.40 

2.65 

Ammonium sulfate. 

0.59 

1.35 

1.32 

Calcium cyanamid. 

0.72 

1.08 

1.09 



Ejiperiments have also been carried on with bearing peach trees on a gravelly 
loam soil low in available potassium where the cover crops had been fef tilized an¬ 
nually with 400-600 pounds of 6-8-5 fertilizer (17). The cover crops made excel¬ 
lent growth, but the peach leaves showed symptoms of potassium deficiency, and 
upon analysis showed 0.76 to 1.2 per cent potassium on a dry-weight basis, "^^en 
potassium was added either as potassium nitrate or as mxuiate of potash in a ring 
application beneath the trees at the rate of 2 to 3 pounds to the tree, normal leaf 
and twig growth was restored. When leaf samples were collected in midsummer 
and analyzed for nitrogen, phosphorus, and potassium content, there were marked 
differences in the potassium content of foliage from fertilized and unfertilized 
plots (table 4). In this instance the satisfactory growth made by the cover 
crops could not be used as an index of the supply of available potassium for the 
trees. The fertilizer applied to the cover crops was drilled in between the tree 
rows and, though apparently sufficient for cover plant requirements, was inade¬ 
quate for the needs of the trees. It was only when potassium fertilizers were 
broadcast under the trees in a ring application that tree growth was improved. 
One-year-old trees planted on this soil showed more marked symptoms of potas¬ 
sium deficiency than older trees. 
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It is of interest to note that apple trees on similar soil in an adjacent block did 
not show recognizable symptoms of potassium deficiency. It has already been 
pointed out that the potassium requirements for growth of apple trees in sand 
culture are similar to those of peach trees. Analyses of apple leaves on this soil 
showed relatively low potassium content (1.0-1.2 per cent) yet significantly 
higher than that obtained with peaches. This may possibly be due to the fact 
that the apple through its root system has been able to obtain more potassium 
from this soil. In general, peach tree growth appears to be more quickly affected 
than apple tree growth by low potassium under field conditions. Deficiency 
symptoms appear to be more marked in years of heavy crops than in years of 
li^t crops. Reports of the response of stone fruits such as peach, plum, and 
cherry to potassium have been more numerous than with the apple. 


TABLE 4 

Foliar N, P, and K Content of 9-Year-Old Elberta Peach Trees 
In percentage of dry weight 


sow 

ISEAIICENT* 

ANAl 

N 

.VSIS or PEACH LE 

P 

AVES 

E 

6 

Cultivation + K around tree. 

3.17 

0.18 

1.93 

7 

Cultivation. 

3.04 

0.20 

0.86 

8 

Lespedeza -}- K around tree. 

2.93 

0.19 

2.12 

9 

Lespedeza. 

2.79 

0.19 


10 

Sweet clover -f K aroimd tree. 

2.91 

0.21 

2.28 

11 

Sweet clover. 

3.13 

0.21 

1.05 

12 

Soybeans -|- K around tree. 

3.20 

0.20 

2.13 

13 

Soybeans. 

3.14 

0.16 


14 

Buckwheat •+■ K around tree. 

3.09 

0.18 

1.57 

15 

Buckwheat. 

3.18 

0.19 

0.71 


* All trees received equivalent amounts of nitrogen in a ring application. The tree 
middles of all plots received an application of N, P, and K to the cover crops; the trees in 
even-numbered rows received added potassium as indicated. 


Few instances of phosphorus deficiency under field conditions have been re¬ 
ported. If we may judge from the growth of young trees in sand culture, the 
phosphorus requirement is suflSciently low that fruit trees seem able td obtain 
adequate amounts for growth even on soils deficient in phosphorus for most an¬ 
nual crops (6,12). The growth response of the cover crops cannot be taken as 
an index of the phosphorus requirement of the fruit tree on the same soil. 

VALUE OF LEAP ANALYSES 

In comparing the growth response of l-year-old trees in sand culture with 
young and bearing trees growing in soil, it is not inferred that re^onse to equiva¬ 
lent concentrations of ions in the nutrient medium would be the same in the two 
environments. The availability of these ions to the plant roots would of course 
be affected by the nature of the soil complex in the proximity of the root zone. 
In the experiments reported here the amoimts of nitrogen, phosphorus, and potas- 
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sium in the leaves of trees making satisfactory growth have been determined, 
and in sand cxilture have been shown to reflect the adequacy of supply in the nu¬ 
trient solution. This has held true even when fairly wide ratios of concentration, 
such as N/Ca, K/Ca, and N/P/K, have been maintained. Similarly, imder field 
conditions the amounts of these elements found in the leaves of trees making good 
growth as well as those in leaves of trees showing deficiency symptoms have been 
determined. Under orchard conditions it has not been possible to determine the 
exact concentration of nutrients available in the soil. Once these ions are taken 
into the plant, however, and enter into metabolic processes resulting in growth, 
it should be possible to determine the amounts present in the leaves, in the grow¬ 
ing tips, or in some other plant part. The values found for N, P, and K should 
show a relationship to the adequacy of supply in a particular soil environment. 
\Vhen this is done, growth response interpreted through leaf analyses under the 
two widely varying conditions of environment is very similar, at least with peach 
and apple trees. Further study is needed to establish relationships with Ca and 
Mg in order to determine how these and other ions may affect availability and 
how leaf analysis may be related further to the nutrient supply. In the experi¬ 
ments report^ here, leaf analysis has been found to be very helpful in diagnosing 
growth conditions caused by potassium deficiency in the soil. Thus 1-year-old 
peach trees in sand culture adequately supplied with nitrogen and all other essen¬ 
tial elements except potassium showed leaf deficiency symptoms for that element. 
Analyses of leaves from the deficient trees showed a potassium content of less 
than 1 per cent on a dry-weight basis. With increased concentrations of potas¬ 
sium in the nutrient, leaf content increased to 2-2.5 per cent. Samples of leaves 
from 1-year-old trees growing in the orchard and showing potassium-deficiency 
symptoms identical with those produced on trees in sand culture had a potassium 
content of less than 1 per cent on a dry-weight basis. When potassium was 
added to the soil in a surface application, leaf content was increased the same 
season to above 2 per cent, and normal leaf and terminal growth were restored. 
It is of interest also to note that the potassium content of leaves taken from the 
current season’s growth of 8-year-old peach trees in bearing, showing deficiency 
symptoms, was of the same quantitative order, namely less than 1 per cent on a 
dry'-weight basis. 

Leaf analyses have been of great value in determining the potassium level in 
the leaves of peach and apple trees that have not shown visible evidence of defici¬ 
ency. Peach trees with small, narrow, light-colored leaves, with a potassium 
content of 1.25 per cent, have responded to applications of potassium in larger 
size and darker green color of leaf and in greater diameter of terminal growth. 
With these changes the potassium content of the leaf was increased to 2.5 per 
cent. Laige dark green leaves from vigorous trees usually have a potassium con¬ 
tent above 1.75 per cent. Trees low in potassium may show a leaf content of 1.25 
per cent early in the growing season, but by midseason this value may drop to 
below 1 per cent. As the season advances, trees adequately supplied with potas¬ 
sium will also show a decrease in leaf content, which may be from 2.5 per cent 
to 1.75 per cent. 
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The value of 1 per cent has been taken as an arbitrary critical level for peaches 
and apples, since below this level marked potassium-deficiency symptoms, par¬ 
ticularly with peach, usually occur. Since these deficiency symptoms are identi¬ 
fied with less certainty in apples, leaf analyses should be a more reliable index of 
the potassium status in the tree. A recent survey of the potassium content of 
apple leaves collected from widely scattered orchards in a number of regions 
showed relatively few orchards with potassium content of leaves below 1 per cent, 
none of which showed any visible symptoms of potassium deficiency (2). 
Whether potash fertilization in such orchards would result in increased growth 
and yield has not yet been determined. 

SUMMARY 

The vegetative growth of peach and apple trees is strikingly affected by lack 
of adequate supplies of nitrogen in the nutrient solution. 

When nitrogen is inadequate, the effects of low phosphorus or low potassium 
on growth are not so marked, but under a high-nitrogen level growth-deficiency 
symptoms appear when either phosphorus or potassium is present in low concen¬ 
tration. The deficiency symptoms are more marked in peach than in apple. 
Potassium-deficiency symptoms on peach are also more noticeable under a high 
calcium-potassium ratio. 

Leaf analyses have shown that the content of nitrogen, phosphorus, and potas¬ 
sium in the leaves is related to the supply in the nutrient in sand culture even 
when fairly wide ratios of concentrations have been maintained. 

Under field conditions, where the available supply of potassium in the soil is 
low, deficiency symptoms are usually accentuated by adequate nitrogen appli¬ 
cations. 

Phosphorus deficiency has not been found to any appreciable extent under field 
conditions. Both peach and apple trees seem to obtain sufficient amounts from 
the soil to maintain satisfactory growth. 

It is believed that the results obtained with leaf analyses justify their further 
use with fruit trees as an index of the adequacy of available nutrients in the soil 
and as an aid in diagnosing abnormal growth responses that may be caused by 
mineral deficiencies. 
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Alfalfa evidently ori^nated in a region where the soil was naturally well sup¬ 
plied with mineral elements. Its North American career began in soils of that 
type in California. The crop held such promise for the livestock and dairy 
industries that it rapidly spread eastward and, in so doing, encountered soik 
that were less and less hospitable to its growth. Althou^ adverse soil condi¬ 
tions can be remedied in large part by the use of lime and fertilizers, the problem 
of growing alfalfa on the podzolic soils of the eastern states is not a simple one, 
especially since the plant is a perennial and farmers find it advantageous to keep 
it growing continuously on the same land for a considerable period of years. 

In preparing land for alfalfa, one may follow either of two procedures: first, 
estimate the mineral requirements of the crop (over and above the amounts the 
soil on which it is to be grown is capable of suppl 3 dng) for the entire period of 
years of its intended growth, and apply them in advance of sowing the seed; 
second, apply such portion of the crop’s requirements at seeding time as is 
necessary to get the crop well imder way, and then add the remainder as top- 
dressings. In either case there is need to know what amounts and ratios of the 
nutrient ions are required for optimum growth. 

In considering the laboratory phase of this problem, the authoi-s decided to 
confine their attention first to the Ca-K relationships in soils, since these two 
elements play particularly large parts in the mineral nutrition of alfalfa. The 
purpose of the project was to obtain information by the use of which one could 
preset, from a determination of the content of exchangeable cations in a soil, 
whether or not the existing amounts of Ca and K and the Ca-K ratio in the 
exchange complex were optimum for this crop and, if not, how much of either 
or both of these elements would have to be added to take care of the deficiency. 

The optimmn Ca-K ratio for alfalfa plants growing in culture solutions, as 
reported by Lomanitz* is relatively narrow. But data so obtained are not 
directly applicable to field conditions because adsorption, exchange, and fixation 
reactions occurring in the soil alter the ratios of the available nutrients applied 
in the form of lime and fertilizers. 

Only recently, through the medium of cation-saturated clay colloids, was a 
method developed for studying ionic relationriups in the soil itself as they affect 

1 Journal Series paper of the New Jersey Agricultiural Experiment Station, Rutgers Uni¬ 
versity, department of soils. 

> The authors wish to thank S. D. Gray, Northeast Manager of the American Potash 
Institute, for many helpful suggestions during the course of this study, and the Institute 
for partly financing the project. 

> Lomanitz, S. 1926 A study of physiological balance for alfalfa in solution cultures. 
5oii5cf. 22:97-107. 
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the growth and composition of plants. By such means, Albrecht and McCalla^ 
investigated the effect of varying ionic ratios on the delivery of nutrients to 
plants and their consequent growth and composition. The method permits of 
controlling the nutrient supply with an accuracy comparable to that obtainable 
in culture solutions. Accordingly, such a procedure was adopted, the only 
difference being that in the investigation here reported the soils were prepared 
from unfractionated topsoil rather than from the colloid alone. 

MATERIALS AND METHODS 

Preparation of homionic Boils 

A H-soil, prepared by the Gedroiz method® from cultivated Dutchess shale 
loam, was treated with neutral normal acetates of K and Mg, and with 0,05 N 
H 3 PO 4 , to give K-, Mg-, and P-soils, respectively. A Ca-soil was prepared by 
titration with the hydroxide. The H-soil had an exchange capacity of 14.6 
m.e. per 100 gm. and contained 0.167, 0.838, 1.710, and 0.569 per cent of total 
Ca, Mg, K, and Na, respectively. 

Preparation of soil-sand mixtures 

Six soil-sand mixtures were prepared, in triplicate, from the four homionic 
soils and from washed quartz sand. The 21 pounds of soihsand mixture 
in each pot was made up of | pound Mg-soil; | pound P-soil; 5 pounds of a 
mixture of Ca- and K-soils so apportioned as to give exchangeable Ca-K equiva¬ 
lent ratios of 1/1, 2/1, 4/1, 8/1, 16/1, and 32/1; and 15 pounds of sand to in¬ 
crease the volume and provide favorable growing conditions for the roots. 
(Hereinafter the word “exchangeable” will normally be omitted, and the soils 
win be identified as 1/1, 2/1, etc.) The soil-sand mixtures were placed in uni¬ 
form glazed pots without drainage outlets. A mixture of 15 pounds of sand and 
6 pounds of the untreated original soil was also included in the test. 

The salient data for each soil-sand roixture are set forth in table 1. It will be 
noted that the sums of the Ca and K equivalents in the various combinations 
are approximately equal. They would have been identical but for the fact that 
the Ca-soil was less completely saturated than the K-soil. The P-soil contained 
0.33 mgm. P per 100 gm. Powdered S and a solution of trace elements were 
added to each soil mixture at the following rates per 2 million pounds of soil: 
S, 100 pounds; borax, 20 pounds; and sulfates of Cu, Mn, Zn, and Fe (ferrous), 
in amoxmts chemically equivalent to the borax. After the third and sixth 
harvests, these applications were repeated, that of the trace elements and Fe 
at the same rate and that of S at the half rate. The soil mixtures were inoculated 
with a culture of ThiohoudUus ihioxidans, and with a small amount of a suspen¬ 
sion of a fertile soil to restore the normal soil flora. 

^ Albrecht, W. A., and McCalla, T. M. 1938 The colloidal fraction of the soil as a cul¬ 
tural medium. Amer, Jour. Bot. 25: 403-407. 

® Gedroiz, K. K. 1923 The hydrochloric-acid method for determining in the soil the 
cations present in an adsorbed condition. Soil Sci. 16: 473-474. 
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Cvltural methods 

Thirty inoculated Hardistan alfalfa seeds, containing 0.0091 in.e. K, were 
planted in each pot, only four of the resulting plants being retained after the 
first month. The soil was maintained at its optimum moisture content by ad¬ 
ditions of distilled water. The alfalfa was grown between March, 1941, and 
May, 1942, and the successive crops were harvested when the plants came into 
bloom, or when secondary new shoots appeared. The roots were also harvested 

TABLE 1 

Exchangeable cation balance sheet of soils 


Initial and final cation equivalent ratios and pH values 


SOIL 

CATION EQUIVALENT EATIOS 

Initial pH 

FINAL iH 

Initial 

Final 

Ca/K 

Mg/K 

Ca/Mg 

Ca/£ 

Mg/K 

Ca/Mg 

1/1 

1/1 


4.3/1 

4/1 

1.7 A 

2.3 A 

6.5 

5.2 

2/1 

2/1 


5.7/1 

15/1 

6.2/1 

2.5/1 

6.3 

5.1 

4/1 

4/1 


6.7/1 


27/1 

3.8 A 

6.1 

4.9 

8/1 

8/1 


7.3/1 

131/1 

37/1 

3.6 A 

6.0 

5.0 

16/1 

16/1 


7.7/1 

112/1 

29/1 

3.8/1 

6.0 

5.2 

32/1 

32/1 

Bi nW 

7.8/1 

714/1 

132/1 

5.3/1 

6.0 

5.3 

Original 

32/1 

7.7 A 

4.1/1 

181/1 

37/1 

4.9/1 

6.9 

6.6 


CATION CONTENT PEE POT* 


son. 

Calcium 

Potassium 

Magnesium 

Initial 

Final 

Remaining 

Initial 

Final 

'Remaining 

Initial 

Final 

RamnitiiTig 


m.e. 

m.e. 

percent 

m.e. 


per ant 

mje. 

m.e. 

percent 

1/1 

157.8 

127,3 

80.6 

157.8 

31.67 

20.1 

36.1 

55.4 

153 

2/1 

204.7 

158.1 

77.3 


10.59 

10.3 

36.1 

63.8 

176 

4/1 

240.4 j 

166.4 

69.3 


1.57 

2.6 

36.1 

42.6 

117 

8/1 

263.3 I 

192.7 

73.2 

32.9 

1.47 

4.5 

36.1 

53.9 

149 

16/1 

276.4 

212.6 

76.9 

17.3 

1.89 

11.0 

36.1 

55.6 

153 

32/1 

283.3 

221.0 

78.3 

8.85 

0.31 

3.6 

36.1 

41.1 

113 

Original j 

373.4 

283.5 

75.9 

11.8 

1.57 

13.4 

90.5 

58.2 

64 


* To translate m.e. per pot to approximate pounds per 2 million pounds of soil, multiply 
by the following factors: m.e. Ca, by 14.7; m.e. K, by 28.7; m.e. Mg, by 8.9. To convert 
m.e. per pot to m.e. per 100 gm. soil, multiply by 0.0367. 


at the end of the test. The experiment was concluded after the seventh crop, 
when the average cumulative yield from the best set of triplicate pots had passed 
that equivalent to 40 tons of dry matter per 2 million pounds of soil. At that 
point the drain upon the soil nutrients was equivalent to more than 10 years of 
field cropping with annual yields of 4 tons of hay per acre. 

The initial supply of cations in the soil was known, each alfalfa crop was 
analyzed and its nutrient removal calculated, and the final cation content of the 
soil was determined at the end of the test. This made it possible to estimate, 
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with a fair degree of accuracy, the nutrient supply and relationships in the soil 
at certain intermediate stages in the experiment. 

Analytical methods 

After drying at 80°C., the harvested material from the triplicate pots was 
composited and analyzed by the official A.O.A.C. methods. The exchangeable 
cation content of the soil was determined by the Gedroiz* procedure. All cation 
ratios calculated from analyzes of soils or plants are reported on an equiva¬ 
lent batis. 


EBSTJMS AND DISCUSSION 

Alfa^a yidds, as rdated to CorK raiios in soil 

The jrields, both absolute and relative, for the seven harvests of alfalfa tops 
and one of roots and the percentages and ratios of Ca and K in the tops and 
roots are recorded in table 2. 

It should be noted immediately that successive yields are not compaaRble 
because change in length of day and other imcontrollable factors entered the 
picture as the seasons advanced. For any one harvest, however, comparisons 
between jdelds are permissible, since external factors were identical in their effects 
and only the differences in the Ca-K ratios were responable for variations in 
jueld. 

One outstanding fact riiown by the data in table 2 is that, in the initial har¬ 
vest, the hipest yield was produced on the soil havuig a Ca-K ratio of 32:1. 
If the yield from the 1/1 soil is set at 100, that from the 32/1 soil was 138. (It 
will be noted that the original soil, also having a Ca-K ratio of 32:1, did not 
produce as hi^ yields as the prepared soil. This may have been because no 
fertilizer was added to the original soil.) 

Consideration of the relationships between the 3 delds at any given harvest 
£ind the amounts and ratios of exchangeable Ca and K in the soil will have to be 
confined to those instances in which the alfalfa plants had removed somewhat 
less than 100 per cent of the initially exchangeable K, since in the other cases 
the rituation is complicated b}' the absorption of K from the originally non¬ 
exchangeable stores. Some interesting deductions, both as to the amount of 
exchangeable K and as to the Ca-K ratio in the soil when the 3 delds began to 
decrease sharplj', can be made on this basis. 

If it is assumed that, after the first har\'est, the amounts of exchangeable 
cations present in the soil are equal to those initially present (table 1) less those 
removed (table 3) in the first harvest (and if those present in the roots are disre¬ 
garded), 264.9 m.e. Ca and 2.9 m.e. K would remain in each pot of 32/1 soil. 
This is a Ca-K ratio of 91:1. At this point, 67 per cent of the exchangeable K 
had been removed by the harvested crop. Nevertheless, the relative yield 
of the second harvest from this soil was 109, and it was not until the tiiiird crop, 

■ Gedroiz, E. £. 1931 Exchangeable cations of the soil and plant: I. Relation of plant 
to certain cations fully saturating the soil exchange complex. Soil Sci. 32:51-62. [iSec 
also footnote 5.] 
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TABLE 2 


Yield, 'percentage composiiion, and Ca/K ratio of alfalfa 


SOIL 

DSY 

V7E1GBT 

BELATIVE 

WEIGHT 

Ca 

K 


P 

S 

N 

Ca/K 


^m. 



percent 

percemi 

percent 

percent 

percent 



First harvest, June 9,1941 


1/1 

14.65 

100 

0.77 

3.30 

0.23 

0.37 

0.33 

2.86 

0.45 

2/1 

17.64 

120 

1.11 

2.66 

0.25 

0.31 

0.35 

2.87 

0.81 

4/1 

16.81 

115 

1.28 

2.61 

0.29 

0.31 

0.36 

2.89 

0.96 

8/1 

16.97 

116 

1.52 

2.16 

0.29 


0.32 

2.89 

1.37 

16/1 

17.29 

118 

1.62 

1.69 


0.32 

0.33 

2.92 

1.87 

32/1 

20.24 

138 

1.82 

1.15 

0.34 

0.35 

0.30 

2.98 

3.09 

Ori^nal 

10.85 

74 

1.92 

1.12 

0.39 

0.26 

0.34 

2.96 

3.34 


Second harvest, July 19,1941 


1/1 

15.30 


IBI 

3.45 

0.23 

0.38 

0.35 

3.04 

0.44 

2/1 

16.33 

107 


3.24 

0.24 

0.36 

0.33 

2.86 

0.63 

4/1 

16.54 


1.18 

2.97 

0.27 

0.36 

0.33 

2.84 

0.77 

8/1 

18.40 


1.18 

2.33 

0.27 

0.35 

0.28 

2.71 

0.99 

16/1 

15.60 


1.54 

1.61 

0.28 

0.43 

0.31 

2.82 

1.87 

32/1 

16.74 


1.72 

0.85 

0.36 

0.49 

0.28 

2.95 

3.95 

Original 

10.44 

68 

1.44 

1.10 

0.32 

1 

0.24 

0.32 

2.86 

2.56 


Third harvest, August 26,1941 


1/1 

16.12 

100 

0.64 

3.06 

0.28 

0.32 

0.30 

2.58 

0.41 

2/1 

15.15 

94 

0.78 

2.63 

0.26 

0.32 

0.29 

2.46 

0.57 

4/1 

14.37 

89 

0.95 

2.47 

0.28 

0.32 

0.27 

2.49 

0.75 

8/1 

18.24 

113 

1.17 

1.52 

0.33 

0.33 

0.26 

2.63 

1.51 

16/1 

12.42 

77 

1.43 

1.04 

0.36 

0.39 

0.27 

2.82 

2.68 

32/1 

9.54 

59 

1.53 

0.70 

0.44 

0.50 

0.31 

3.00 

4.26 

Original 

8.14 

51 

1.35 

0.86 

0.47 

0.28 

0.30 

2.89 

3.05 


Fourth harvest, October 27,1941 


1/1 

16.38 


0.90 

3.54 

0.27 

0.30 

0.34 

3.49 


2/1 

13.11 

80 

1.09 

3.31 

0.28 

0.34 

0.34 

3.40 


4/1 

11.43 

71 

1.32 

2.82 

0.30 

0.35 

0.44 

3.35 


8/1 

13.30 

81 

1.87 

1.30 

0.44 

0.40 

0.37 

3.33 

2.82 

16/1 

7.42 

45 

2.08 

0.66 

0.55 

0.42 

0.47 

3.56 

6.16 

32/1 


39 

2.21 

0.58 

0.64 

0.54 

0.56 

3.27 

7.44 

Original 

4.18 

26 

2.31 

0.74 

0.63 

0.36 

0.33 

3.52 

6.10 


Fifth harvest, January 7,1942 


1/1 

14.41 

100 

1.03 

2.90 

0.29 

0.31 

0.23 

3.36 

0.69 

2/1 

10.85 

75 

1.46 

2.63 

0.32 

0.33 

0.24 

3.25 

1.08 

4/1 

14.52 

101 

1.83 

1.84 

0.35 

0.30 

0.21 

3.27 

1.94 

8/1 

6.97 

48 

2.60 

0.90 

0.54 

0.44 

0.23 

3.31 

5.65 

16/1 

5.26 

37 

2.74 

0.54 

0.64 

0.42 

0.35 

3.57 

9.86 

32/1 

5.10 

35 

2.55 

0.54 

0.65 

0.47 

0.46 

3.93 

9.14 

Original 

2.35 

16 

2.84 

0.62 

0.56 

0.32 

0.23 

3.25 

9.00 
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TABLE 2-^ontinued 


SOIL 

DLy 

VnslGBX 

SELATIVE 

'WEIGHT 

Ca 

K 

Mg 


s 

N 

Ca/K 


gm. 


per cent 

percent 

percent 

percent 

percent 

percent 


Sixth harvest, March 18,1948 

1/1 

22.88 

— 


3.33 

0.29 

0.28 

0.20 

3.40 

0.56 

2/1 

14.89 



3.00 

0.31 

0.38 

0.29 

3.67 

0.90 

4/1 

18.26 

80 


1.38 

0.37 

0.35 

0.24 

3.62 

2.78 

8/1 

9.53 

42 



0.49 

0.44 

0.26 

3.74 

6.33 

16/1 

6.79 

30 



0.54 

0.44 

0.32 

3.77 

8.13 

32/1 

5.76 

25 

2.69 


0.63 

j 0.51 

0.28 

4.01 

10.05 

Original 

2.51 

11 

2.60 


0.53 

0.40 

0.30 

3.92 

4.98 


Seventh harvest, A'pnl S7,1942 


■■ 

24.95 


0.80 

3.35 


0.24 

0.31 

3.51 



20.55 

82 

1.18 

2.61 


0.31 

0.31 

3.64 



18.81 

75 

1.72 

0.92 


0.30 

0.30 

3.56 

3.64 


9.55 

38 

2.36 

0.52 


0.41 

0.47 

3.82 

8.86 


7.34 

29 

2.62 

0.45 


0.39 

0.48 

3.89 

11.42 

32/1 

5.80 

23 

2.57 

0.45 

0.59 

0.46 

0.62 

4.19 

11.10 

Original 

4.07 

16 

2.75 

0.75 

0.62 

0.34 

0.34 

3.84 

7.08 


Root harvest, April 88-89, 1948 


1/1 

37.93 

100 

0.31 

1.04 

0.22 

0.24 

0.15 

2.64 

0.58 

2/1 

27.86 

73 

0.32 

0.86 

0.21 

0.32 

0.17 

2.60 

0.73 

4/1 

30.49 

80 

0.42 

0.36 

0.28 

0.29 

0.19 

2.72 

2.28 

8/1 

17.20 

45 

0.49 

0.21 

0.33 

0.33 

0.25 

2.65 

4.52 

16/1 

13.76 

36 

0.43 

0.23 

0.32 

0.32 

0.18 

2.62 

3.54 

32/1 

10.42 

27 

0.47 

0.20 

0.27 

0.38 

0.26 

2.12 

4.58 

Ori^nal 

8.31 

22 

0.51 

0.24 

0.26 

0.30 

0.16 

2.19 

4.16 


after the equivalent of 108 per cent of the original supplj’- of exchangeable K 
had been removed, that the relative yield fell to 59. 

Siinilarly, the Ca-K ratio of the 4/1 soil was calculated at 30; 1 at the begin- 
nii« of growth of the seventh crop and, by actual analysis, was found to be 
103:1 after the last crop and the roots W been harvested. Yet the relative 
yield of this seventh crop was 75, which is quite satisfactory. 

In many ways, however, the data on the 1/1 soil seem most significant. Be¬ 
ginning with the third harvest, the yield on this soil was higher (with one unim¬ 
portant exception) than that on any other, and the seventh harvest from the 
1/1 soil was a record high for all soils and harvests. Similarly, the dry weight 
of the root system of the alfalfa growing on this soil was 20 per cent greater 
than that of its nearest competitor. A determination of the 
cations in the 1/1 roil at the end of the test revealed a Ca-K ratio of approxi¬ 
mately 4:1. At this point the soil-sand mixture contained 127.3 m.e. exchange¬ 
able Ca and 31.67 m.e. exchangeable K per pot. 

It is recognized that the content of cations in the exchange complex at any 
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moment depends not only upon the original supply less that removed in the tops 
and roots of the alfalfa plants, as previously assumed, but upon that made 
available from the nonexchangeable stores and that which may have been fixed 

TABLE 3 

MillieguivalentSf cumulative percentages, and equivalent ratios of exchangeable cations removed 

from soil by alfalfa 


MnUEQmVALENTS 

CmiHLATIVE PERCENTAGES 

CATION RATIOS 

Ca F Mg 

Ca K Mg 

Ca/K Mg/K Ca/Mg 


Initial Ca/K Ratio—hi 


1 

5.69 

12.36 


3.55 

7.84 

7.74 

0.45 

0.23 

1.99 

2 

5.88 


2.88 

7.28 

16.39 

15.72 


0.21 

2.02 

3 

5.13 

12.61 

3.73 

10.53 

24.38 


0.41 

0.30 

1.38 

4 

7.32 

14.83 

3.65 

15.17 

33.78 

36.15 

0.49 

0.25 

2.00 

5 

7.41 


3.43 

19.86 


45.63 

0.69 

0.32 

2.16 

6 

10.85 

19.48 

5.42 

26.73 



0.56 

0.28 

2.00 

7 

9.93 

21.37 

5.79 


66.45 

76.65 

0.46 

0.27 

1.71 

Roots 

5.89 


6.99 

36.75 

72.83 

95.99 

0.58 


0.84 


Initial Ca/K Ratio—2:1 


1 

9.72 

11.93 

3.62 

4.75 

11.65 

10.03 

0.81 


2.69 

2 

8.48 

13.53 

3.25 

8.89 

24.86 

19.03 

0.63 


2.60 

3 

5.87 


3.21 

11.76 

34.81 

27.93 

0.57 

0.31 

1.83 

4 

7.13 



15.24 

45.65 

36.38 

0.64 

0.27 

2.32 

5 

7.91 


2.88 

19.10 

52.78 

44.36 

1.08 

0.39 

2.74 

6 


11.43 

3.76 

24.11 

63.94 

54.77 

0.90 

0.33 

2.74 

7 

ILUl 

13.72 

4.87 

30.02 

77.34 

68.16 

0.88 

0.35 

2.50 

Roots 

4.48 

6.14 

4.93 

32.21 

83.34 

81.80 

0.73 

0.80 

0.91 


Initial Ca/K Ratio — 4:1 


1 

10.74 

11.22 

4.01 

4.47 

18.64 

11.10 

0.96 

0.36 

2.68 

2 

9.74 

12.57 

3.66 

8.52 

39.51 

21.24 

0.77 

0.29 

2.66 

3 

6.78 

9.08 

3.27 

11.34 

54.59 

30.30 

0.75 

0.36 

2.28 

4 

7.53 

8.24 

2.86 

14.47 

68.28 

38.21 

0.91 

0.35 

2.63 

5 

13.27 

6.83 

4.14 

19.99 

79.63 

49.69 

1.94 

0.61 

3.20 

6 

17.87 

6.44 

5.54 

27.42 

90.33 

65.04 

2.78 

0.86 

3.21 

7 

16.15 

4.43 

5.54 

34.14 

97.68 

80.38 

3.64 

1.25 

2.92 

Roots 

6.41 

2.82 

6.92 

36.81 

102.36 

99.55 

2.28 

2.45 

m^n 


Initial Ca/K Ratio — B:1 


1 

12.87 

9.38 

3.98 

4.89 

28.50 

i 11.01 

1.37 

0.42 

3.23 

2 


10.96 

4.12 

9.01 

61.83 

22,41 

0.99 

0.38 

2.64 

3 

10.65 

7.09 

4.97 

13.05 

83.38 

36.16 

1.51 

0.70 

2.14 

4 

12.42 

4.42 

4.79 

17.76 

96.82 

49.43 

2.82 

1.06 

2.59 

5 

9.04 

1.60 

3.07 

21.19 

101.69 

57.92 

5.65 

1.92 

2.94 

6 

11.89 

1.88 

3.85 

25.71 

107.40 

65.58 

6.33 

2.04 

3.09 

7 

11.25 

1.27 

3.80 

29.98 

111.26 

79.10 

8.86 

2.99 

2.96 

Roots 

4.17 

0.92 

4.74 

31.56 

114.07 

92.22 

4.53 

5.15 

0.88 






























68 


A. S. HUNTEB, S. J. TOTH, AND F. E. BEAR 


TABLE Continued 


HA2VEST 

iniXXEQmVALENTS 

CUinJLATIVE PEBCENTAGES 

CATION BATIOS 

i 

i Ca 

X 

Mg 

Ca 

K 

Mg 

1 Ca/K 

Mg/K 

Ca/Mg 


Initial Ca/K Ratio—-16:1 


1 

13.97 

7.47 

4.22 

5.06 j 

43.20 

11.66 

1.87 

0.66 

3.31 

2 

11.99 

6.42 

3.54 

9.40 

80.33 

21.46 

1.87 

0.55 

3.39 

3 

8.87 

3.30 

3.71 

12.61 

99.41 

31.73 

2.68 

1.12 

2.39 

4 

7.70 

1.25 

3.35 

15.40 

106.66 

41.01 

6.10 

2.68 

2.30 

5 

7.20 

0.73 

2.76 

18.00 

110.86 

48.65 

9.86 

3.78 

2.61 

6 

8.78 

1.08 

3.00 

21.18 

117.08 

56.95 

8.13 

2.78 

2.93 

7 

9.60 

0.84 

3.01 

24.65 

121.96 

66.29 

11.42 

3.68 

3.20 

Roots 

2.94 

0.83 

3.64 

25.71 

126.74 

75.30 

3.54 

4.38 

0.81 


Initial Ca/K Ratio — 32:1 


1 

18.38 

5.95 

5.69 

6.49 

67.20 

15.76 

3.09 

0.96 

3.23 

2 

14.38 

3.64 

5.03 

11.56 

108.42 

29.68 

3.95 

1.32 

2.96 

3 

7.29 

1.71 

3.47 

14.13 

127.72 

39.28 

4.26 

2.03 

2.10 

4 

7.06 

0.95 

3.36 

16.62 

138.44 

48.57 

7.44 

3.53 

2.04 

5 

6.49 

0.71 

2.73 

18.91 

146.42 

56.13 

9.14 

3.85 

2.38 

6 

7.74 

0.77 

2.97 

21.64 

156.06 

64.35 

10.05 

3.86 

2.61 

7 

7.44 

0.67 

2.82 

24.26 

162.60 

72.15 

11.10 

4.21 

2.64 

Roots 

2.43 

0.63 

2.32 

25.12 

168.58 

78.58 

4.58 

4.37 

1.05 


Original soil 


1 

10.40 

3.11 

3.45 

2.78 

26.55 

3.82 

3.34 

1.11 

3.02 

2 

7.51 

2.94 

2.78 

4.79 

61.65 

6.89 

2.56 

0.94 

2.70 

3 

5.49 

1.80 

3.16 

6.26 



3.05 

1.76 

1.74 

4 

4.82 

0.79 

2.18 

7.55 

73.79 

12.78 

6.10 

2.76 

2.21 

5 

3.33 

0.37 

1.09 

8.44 

76.98 

13.98 

9.00 

2.95 

3.06 

6 

3.29 

0.66 

1,11 

9.32 


15.21 

4.98 

1.68 

2.96 

7 

5.58 

0.79 

1 2.08 

10.82 

89.31 

17.51 

7.08 

2.64 

2.68 

Roots 

2.12 

0.51 

1.80 

11.39 

93.66 


4.16 

3.53 

i 1.16 


by the soil. For example, on the 32/1 soil the exchangeable K was augmented 
to the extent of 72 per cent from that originally non-exchangeable. On the 
other hand, there appears to have been a shght fixation loss of exchangeable K 
in the 1/1 soil. 

Of great practical interest is the fact that as long as the soil contained adequate 
supplies of both Ca and K, satisfactory yields were produced at wide ratios of 
these elements in the soil. Since an equivalent of Ca costs much less tb ^ n one 
of K, there would be an economic advantage in maintaining the Ca-K ratio in 
the soil at 32:1 rather than at some lower level. Furthermore, under such 
conditions luxury consumption of K would not occur, and unduly heavy losses 
of this element tibrough crop removal would be avoided. Thus, the percentage 
K in the first crop on the 1/1 soil was nearly three times that of the first crop 
on the 32/1 soil. The question to be answered is: If one adjusted the Ca-K 
ratio in the exchange complex of the original soil in the field to 32:1 at pH 6.6, 
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First Harvest, June 9, 1941 



Third Harvest, August 26, 1941 



Seventh Harvest, April 27,1942 
Fig. 1. Alfalfa in Representative 



Second Harvest, July 19, 1941 



Fourth, Harvest, October 27, 1941 



Sixth Harvest, March 12,1942 
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in preparation for seeding alfalfa, could the K supply be maintained above the 
critical point by successive top-dressings \rith a salt of this element? 

In this connection it is necessary to keep in mind that the zones of most 
rapid depletion of K in the soil are those in the immediate vicinity of the roots, 
and the K supplies at these locations may not be readil}'^ renewal^le by the top¬ 
dressing procedure. On the other hand, the roots in the field are not restrictc‘d 
to pot depth, and the volume of actual soil at their disposal is much greater 
than it is under greenhouse conditions. 

Relation between the Ca-K ratios in the soil and plant 

The data in tables 1 and 2 show that when the supplv of both C^a and K in the 
soil is large and when, with successive crops, the soil Ca-K ratio changes only 
gradually, the Ca-K ratio in alfalfa tissues remains nearlj'^ constant. Thus, 
on the 1/1 soil there was no essential difference between the 0.77 per cent Ca 
in the first and 0.80 per cent Ca in the seventh crop; or between the 3.30 per cent 
K in the first and 3.35 per cent K in the last. The maximum variation in the 
Ca-K ratio of the tops was between 0.41 and 0.69, although the Ca-K ratio in 
the soil changed from the initial 1:1 to a final 4:1. 

On the 4/1 soil, the Ca-K ratio in the plant tissues was practically constant 
around 0.9, until the fifth crop. The Ca-K ratio in the soil, at the beginning 
of growth of the fifth crop, was estimated at 11:1 and, at the end, at 16:1. 
The Ca-K ratio in the plant tissues of the fifth harvest was 1.94, and this ratio 
continued to increase to 3.64 for the seventh crop. 

Since Ca was present in considerable quantity in all these soils, the Ca-K 
ratio in the soil increased rapidly as the more easily obtainable K was absorbed 
and the diflBciilty of the plant in obtaining K increased. This situation was then 
sharply reflected in the Ca-K ratios in the plant tissues. Thus, beginning with 
the second crop on the 32/1 soil, after over 100 per cent of the initially exchange¬ 
able K had been removed by the first crop, the Ca-K ratio in the tissues rose 
successively to 3.95, 4.26, 7.44, 9.14,10.05, and 11.10 in the consecutive cuttings. 

The Ca-K ratios in the roots did not show as much variation as those in the 
tops. The i-oots in the 32/1 soil, although permitting of the translocation of Ca 
and K to the tops of the seventh harvest in the ratio of 11:1, tlumiselves con¬ 
tained these elements in the ratio of 44:1. No doubt the ratio in the roots was 
a changing value reflecting not only the Ca-K ratio in th(» soil at the time the 
roots were removed but Ca-K relationships in soil and plant that had prevailed 
earlier. 

Relationships of Mg, Ca, and K 

The initial exchangeable ]\Ig content Avas a constant (1.33 m.e. per 100 gm.) 
for all the prepared soils. The initial Mg-K ratios varied between approximately 
|:1 and 8:1, and the Ca-Mg ratios between approximately 4:1 and 8:1. The 
Ca-llg ratios in the plants were roughtly proportional to the Ca-Mg ratios in 
the soil on which they had grown. In contrast, the Mg-K ratio in the plants 
showed wide variation, being somewhat similar to that of the Ca-K ratio but 
never reaching the same magnitude. It is of interest to note that the Mg-K 
ratio was consistently higher in the roots than in the tops. 
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Critical limits 

The evidence on the 32/1 and 1/1 soils indicates that a wide range of Ca-K 
ratios can exist in the soil without necessarily interfering seriously with the 
growth of alfalfa. From the data presented, the critical Ca-K ratio might well 
be placed at about 100:1. 

Referring again to the data on the 4/1 soil (table 2), it will be recalled that the 
relative yield of the seventh harvest was 75, but the evidence strongly indicated 
that a critical point was approaching and that, if an eighth crop had been grown, 
the yield would have fallen sharply. The soil at that period contained 1.57 
m.e. exchangeable K per pot. This suggests that the critical minimum point 
for K was probably around 1.5 m.e. per pot. Calculated on the basis of 2 mil¬ 
lion poimds of soil, this is equivalent to approximately 42 pounds K. At this 
point about one-half of the supply of K was coming from nonexchangeable 
sources. 

When the Ca-K equivalent ratios in the tops exceeded 4:1, the yields, without 
exception, were markedly depressed. For example, the ratio in the plants from 
the 32/1 soil increased from 3.95 at the second harvest to 4.26 at the third. The 
relative 3 ields were 109 on the second crop and 59 on the third. A knowledge of 
this critical value should be of use for determining, by tissue tests, the need of 
alfalfa for K. It was noted, however, that the leaf speckling, which is charac¬ 
teristic of K deficiency, did not appear until after the Ca-K ratio in the tops had 
become approximately 8:1. 

The Ca-K ratios of the tops and roots were nearly identical for the plants 
growing on the 1/1 and 2/1 soils. This indicates that when an abundance of both 
elements is present in the soil such a relationship is the normal one. 

The highest percentages of Ca and K in the alfalfa tops were 2.84 and 3.54, 
respectively, and the lowest were 0.64 and 0.45. Whenever the percentage of Ca 
in the tops of the plants exceeded 2, or the K content fell below 1 per cent, the 
yields tended to drop abruptly. No critical point in the minimum percentage 
Ca or maximum percentage K was observed. 

Availability of mineral nutrients 

The cumulative percentage removal of the exchangeable cations is recorded in 
table 3. A study of these data in conjunction with that part of table 2 showing 
the cation content of the soil at the end of the test, reveals the following im¬ 
portant facts: 

An estimated 108 per cent of the exchangeable K was removed from the 32/1 
soil in the harvested material of the first two crops. This does not include the K 
in the roots. During the 13| months of the test the plants grown on this soU, 
together with their roots, removed K equivalent to 168.5 per cent of the ex¬ 
changeable K origmally present. Yet the soil still contained 0.31 m.e. ex¬ 
changeable K, raising the total recovery to 172 per cent. Lesser amoimts of 
nonexchangeable K became available in the 16/1,8/1, and 4/1 soils. 

The amount of Ca which became exchangeable during the test was small and 
possibly not more than could be accounted for by experimental error. There was 
a fairly rapid transposition of Mg from the nonexchangeable to the exchangeable 
state. 
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Relation of crop yield to root sizcj after exhaustion of exchangeable K 

When the initially exSiangeable K was depleted and only mineral K was avail¬ 
able to the plant, the alfalfa yield fell to a low value which was closely related to 
the size of the root system. The initial supply of exchangeable K had been 
largely or entirely exhausted from the 8/1, 16/1, and 32/1 soils at the harvest 
of the fourth crop (table 3). It seems probable that almost the entire root growth 
on these three soils was made before the initial supply of exchangeable K had been 
exhausted, since only the roots from the 1/1, 2/1, and 4/1 soils showed evidence 
of recent growth when harvested. The wei^ts Of roots obtained from the 8/1, 
16/1, and 32/1 soils were 17.20, 13.76, and 10.42 gm. re^ectively. Relatively 
these are 100,80, and 60. The relative 3 ddds for the fifth crop on these soils was 
100, 76, and 73; for the sixth crop, 100, 71, and 60; and for the seventh crop 100, 
77, and 61, respectively. 


SUMMARY AJSD CONCLUSIONS 

Hardistan alfalfa was grown throu^ seven consecutive harvests on a series of 
prepared soils having Ca and K in the exchange complex in initial ratios varying 
between 1:1 and 32:1, and constant amounts of other major and minor elements. 
The seven cuttings of alfalfa and the roots were analyzed, and the final content of 
exchangeable cations in the soil w’as determined. Nutrient balance sheets were 
prepared, i^owing the initial and final cation content of the soil and the amounts 
of the cations removed in successive crops. The Ca-K, Mg-K, and Ca-ilg 
equivalent ratios in the soil and plant were calculated. 

In general, an abrupt drop in 3 ield occurred when the Ca content of the plant 
tissue became greater than 2 per cent, when the K content fell below 1 per cent, or 
when the Ca-K ratio exceeded 4:1, and these may be considered critical limits in 
this experiment. 

It was concluded that alfalfa can adjust itself to wide variations in soil Ca-K 
ratios, making normal growth at ratios anjwhere between 1:1 and 100:1. The 
hipest total yield and the best root development were produced in soil having a 
Ca-K ratio of 1:1 at the start of the test. The soil having a 4:1 ratio, however, 
might well be considered more nearly" optimum for the period of this experiment, 
which was designed to have an effect on the soil equivalent to that of 10 years’ 
cropping. On that soil the Ca-K ratio in the test plants was approximately 
1:1 for the first crop and a little over 3§: 1 (well under the estimated critical 4:1 
ratio) for the seventh; the content of Ca in the plants never exceeded the esti¬ 
mated critical maximum of 2 per cent; and the amount of K in the plants dropped 
only^ sli^tly' below the estimated critical minimum of 1 per cent in the seventh 
crop. The plants on the 4/1 soil had good root development and showed evi¬ 
dence of recent growth after the seventh crop had been harvested. Although 
there was some luxury consumption of K by^ the plants growing on the 4/1 soil, 
the average percentage K in the harvested crops was only 2.14, which was well 
below the maximum 3.54 per cent. 
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If water and a comparatively low percentage of ash are excepted, proteins, 
carbohydrates, and their derivatives comprise the gi‘eat bulk of the plant. The 
proportions and amounts of these constituents are often intimately associated 
with the relative degree of vegetative and reproductive vigor. Accordingly, 
possible influences of potassium on the nitrogen and carbohydrate content of the 
plant should be considered along with other functions of potassium. 

Of the several different forms of nitrogen that plants can freely absorb, nitrate 
is the only one considered here, for regardless of the type of nitrogenous fertilizer 
employed, it is the chief external source of nitrogen available to crop plants in the 
field (5). The quantity of nitrate available for any given functional level of the 
plant is of extreme importance in crop production. For best economic results, 
there should be neither an excess nor a deficiency" in relation to carbohydrates. 
In practical pineapple culture it has been found profitable to adjust the nitrate 
supply in the plant on the basis of the concentration of carbohydrates (5). 

NITRATE AND CARBOHYDRATES 

For maximum production of pineapples, the nitrogen requirement per acre 
has been found to vary by as much as 75 per cent in successive years on virtually 
the same site (6). This is due, in large part, to variation in climatological condi¬ 
tions that influence carbohydrate symth^s. A very low concentration of nitrate 
in the pineapple plant is adequate for maximum possible fruit production w-hen 
carbohydrates are low. In contrast, when carbohydrates are high, yields are 
seriously reduced unless the plants are kept essentially filled to capacity" with 
nitrate. 

Nitrate in itself does not materially affect the growth responses of plants. 
Nitrate reduction, oxidation of carbohydrates or theh derivatives, and new pro¬ 
tein synthesis must first occur. If plants do not have an adequate carbohydrate 
reserve, nitrate reduction ordinarily takes place only very slowly and may lead to 
still fuiiiher carbohydrate deficiency. In contrast, plants high in carbohydrates 
reduce nitrate and synthesize new proteins with extraordinary" vigor (5). If 
maximum potentialities are to be realized in fruit production such plants must 
contain a very liberal reserve of nitrate. 

POTASSIUM AND NITRATE ABSORPTION 

Thus in nitrogen nutrition it is of the utmost practical importance to regulate 
advantageously the nitrate reserves in the plant. In this endeavor potassium 
play"s an essential role, for the absorption of anions, such as nitrate, is greatly ac¬ 
celerated in many plants by the presence of rapidly absorbable cations such as 
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potassium and calcium (1, 7,10,11,12,13). Pineapple plants, for example, do 
not absorb nitrate freely under field conditions in Hawaii, when the potassium 
supply is low. This relationship is not apparent, however, in all species of plants 
under all circumstances, because many other factors may be dominant in relation 
to intate of nitrate. Moreover, even under conditions of extreme potassium 
deficiency, plants of a kind that store nitrate may become filled to capacity with 
it, particTitoly where sodium is substituted for potassium (4, 12). However, 
this apparently is not because of a high rate of absorption of nitrate but rather is 
correlated with vei*y limited increase in volume of the plants, which grow httle if 
the potassium supply is seriousl}"” curtailed. In pineapple culture in Hawaii 
there appears to be no practical substitute for potassium in its role in facilitating 
absorption of nitrate. 

It been emphasized that the required level of nitrate nutrition of pineapple 
varies with opportunity for carbohydrate accumulation. likewise the amount 
of potash that may be required will vary with vreather conditions from year to 
year. Expeiiments indicate that under all conditions, a certain minimum con¬ 
centration of potassium in the pineapple plant is essential. But when carbo¬ 
hydrates are high, and relativelj’^ much nitrate is therefore needed, additional 
potassium, beyond that required for other functions, is necessary for nitrate 
absorption (7). There must, of course, be an external supply of nitrate, but as a 
practical procedure, potash when needed is now applied to pineapple fields in part 
to increase absorption of nitrate. 

POTASSIX3I AND NITRATE REDUCTION 

In addition to its effect on absorption of nitrate, there is considerable experi¬ 
mental evidence in the literature (1, 6,10,11,12,13,14) to indicate that directly 
or indirectly potassium is essential for reduction of nitmte and perhaps for later 
stages of protein synthesis. A fairly comincing demonstration of the apparent 
relationship of potassium to nitrate reduction appeai-s to have been furnished by 
potassium-deficient tomato plants with which the vniter was working some yeai*s 
ago f4). Ordinarily nitrite is not found in tomato plants except following a sud¬ 
den flush of nitrate mduction (5). These potassium-deficient plants, as usual, 
contained no nitrite, but reserves of nitrate and carbohydrates were present. 
The latter accumulated onlj^ during the early stages of potassium deficiency, ap¬ 
parently because but little protein was synthesized. When the plants were 
shifted to a nutrient solution containing abimdant potassium, the nutrient was 
rapidlj" absorbed and translocated to all parts of the plants, a very characteristic 
response, as recentl}’ brou^t out by Overstreet and Broyer (8). This was 
shortly followed by the appearance, for a brief period only, of strikingly high 
concentrations of nitrite. Though similar manipulation of phosphorus-deficient 
plants from low to high phosphate culture will also often result in formation of 
nitrite, it would seem that potassium, along with other elements, must be very 
intimately associated with at least the early stages of synthesis of protein from 
nitrate. 

As new proteins are synthesized from nitrate, carbohydrates are utilized in the 
process. In that potassium apparently favors protein manufacture, it thus 



makes for relatively rapid use of carbohydrates. This would not be expected to 
be disadvantageous, however, unless the plant contained an excessive reserve of 
nitrate in relation to carbohydrates. Certainly the practical indicatiori is to 
apply enou^ potash but to avoid an excess of nitrate. Failure to follow this 
procedure may result in overvegetative pineapple plants and in a delay of several 
months in time of harvest of fruit (7). Although low temperature apparently 
often in large measure controls time of blossom-bud differentiation in pineapple 
and other plants, and the photoperiod in some species is a determining factor, 
plant composition, in many instances, is closely correlated with time of blossom¬ 
ing and with other phases of plant performance. 

For example, Russell (9) reports that potassium in its practical effect on plants 
is the counterpart of nitrogen and that the two elements are intimately linked in 
their action. Hepler and Kraybill (2) found that high-potash fertilization de¬ 
layed the date of blooming of tomatoes. These typical responses to a high level 
of potassium nutrition, when coupled with abundant nitrate, are probably cor¬ 
related with a comparatively high rate of nitrate absorption and reduction and 
new protein [^thesis, which, under some envirenmental influences might lead to 
relatively low carbohydrate reserves and the characteristic plant responses 
noted. 


POTASSIUAI AND CABBOEYDBATE BESEBVE3 

Althou^ potassium does apparently accelerate absorption and reduction of 
nitrate, vnth concomitant oxidation of carbohydrates or their derivatives, evi¬ 
dence in the literature shows that, directly or indirectly, potassium along with 
other elements is an important factor in CO 2 assimilation (1,4,10,11,12,13,14). 
Experiments with pineapple have indicated repeatedly that, when adequately 
supplied with potassium reserves, the plants were materially hi^er in carbohy¬ 
drates than were others deficient in this element (7). This has been true even 
though the former, under field conditions, have been typically much hi^r in 
nitrate, because of the favorable effect of potassium on nitrate absorption al¬ 
ready mentioned. Thus, coupled with higher reserves of both nitrate and car¬ 
bohydrates, the high-potassium planls have been lai^er smd have greatly out- 
yielded others that were deficient in this element. As Russell points out, the 
effect of potash in apparently bringing about more efficent photosynthesis is of¬ 
ten to correct the adverse effects, on fruit production, of an excess of nitrogen (9). 

SELF-ADJUSTMENT OF PLANT TO MULTIPLE DEFIClIBNCIES 

The role that potassium apparently plays in relation to nitrate and CO* nutri¬ 
tion seems further emphasized by responses of pineapple plants in experimental 
plots (7). In many tests in areas where soil potassium is low, fertilizer treat¬ 
ments that are not extreme or much out of the range of practical productivity 
have resulted in considerable increases in size of fruit and in yields from added 
potash. On the other hand, differences in quality of fruit between treatments, 
harvested on the same day', have usually been n^li^ble with respect to such 
factors as color and texture of the flesh, and content of sugars and adds. In 
turn, except for differences in plant size, the various levels of potash fertilization 
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have typicallj’' produced Kttle or no noticeable effect on appearance of roots, 
steins, and leaves. 

Lack of apparent difference, between the treatments employed, in quality of 
plant or fruit, was apparently associated with the fact that, when potassium re¬ 
serves were low in the plant, a condition of proximately balanced multiple de¬ 
ficiencies was seemingly displayed. It is notable that the high-potassium plants 
contained relatively high concentrations of carbohj'drates. This was pre¬ 
sumably due to the favorable influences of potassium upon CO 2 assimilation pre¬ 
viously discussed. But, as alreadj" emphasized, under field conditions in Hawaii, 
potassium markedly increases absorption and assiinilation of nitrate by the 
pineapple plant. As might be anticipated, therefore, the poiash-fertilized plants 
were found to be not only high in carbohydrates but hi^ in nitrate as well. In 
contrast, in the plots where volume of growth and yield of fruit w’ere materially 
curtailed by lack of adequate potash fertilization, the reserve of carbohydrates 
was much lower. Nevertheless, because absorption of nitrate was apparently 
also limited by lack of potassium, even though nitrogen fertilization was the same 
in aU treatments, a proximate balance perhaps resulted between nitrate and 
carbohydrates, with both on a comparatively low plane as compared to the 
potash-supplied plants. 

Some Hawaiian soils low in potassium are also low in phosphorus. Many 
pineapple plants lacking an adequate supph" of potash absorbed phosphate com- 
parativeb’' freely even in soils that were very low in phosphorus and unfertilized 
with it. This was apparently because nitrate exerted a strong repressh^e action 
on phosphate absorption. The potassium-deficient plants, being comparatively 
low in nitrate, were thus able to absorb phosphate freely. In contrast, potash- 
fertilized plants, being higher in nitrate, were relatively low in phosphorus con¬ 
tent, except where this element was present in abundance in the soil or was added 
to it as a fertilizer. 

The foregoing statements indicate very briefly certain compensating inter¬ 
relationships that are frequently found in pineapple fields. Other situations of¬ 
ten arise, which become xmderstandable only through frequent quantitative 
records of growth and chemical composition of plants. There is no single com¬ 
mon factor that can be employed as a guide for potash applications, unless it is the 
plant itself, which supplies an integration of all environmental influences. For 
instance a case which would seemingly be at variance to some of the plant re¬ 
sponses just described, but which actually is in much the same category, is 
furnished by pineapple plants growing in soils low in potassium but not in phos¬ 
phorus. Under such circumstances added potash increases yields, as would be 
expected. On the other hand, phosphate fertilization, even though not directly 
needed, sometimes increases j-ields. In contrast, potash and phosphate addi¬ 
tions together may give no greater fruit production than either alone. 

Studies of interrelationships of nutrient ions (1, 7,10,11,12,13) have demon¬ 
strated that under some circumstances phosphate as well as nitrate favors ab¬ 
sorption of potassium. Therefore phosphate fertilization, even though not 
directly required, may be associated with increased intake of potassium. Of 
course the reverse situation might possibly occur, as potassium would be ex- 
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pected to contribute to greater absorption of phosphate and nitrate. With 
relatively free intake of nitrate, however, phosphate absorption is invariably 
repressed in pineapple. That responses of this nature in the field are not peculiar 
to pineapple is indicated by LiUeland and Brown (3), who say in part, concerning 
their work with peach trees, “potassium was increased in the leaf by applications 
of phosphorus .... Growth increases m 1938 and 1939 could be correlated with 
potassium [in the leaves], although no potassium had ever been added.” 

POTASSIUM AND STRUCTURE OF STEMS 

There is an enormous volume of literature dealing with influences of potassium 
upon structure of stems. Much of this is concerned with work done on grams to 
determine influences of potassium upon stiffness of straw. Almost without ex¬ 
ception this work is considered solely on the basis of the potash treatment of the 
plants. Any effect on the carbohydrate content of the plant, as brought about 
by seasonal conditions or treatments imposed, is seldom considered. Plant de¬ 
scriptions in the literature and extensive personal observations over several years 
on many different crops leave room for little doubt, however, that stiff straw is 
most frequently obtained when carbohydrates are abimdant. As already 
brought out, carbohydrates tend to accumulate most readily when the nitrate 
supply is not excessive and conditions are favorable for CO 2 assimilation. Po-: 
tassium is frequently recorded as favoring the development of thick cell walls and 
stiff straw, but in perhaps as many cases this element is reported as having the 
opposite effect (4). Clearly, structural elements of lignin or cellulose, which 
represent carbohydrates in the most condensed form, cannot become highly 
developed imder conditions of carbohydrate deficiency. As in fruit production, 
the practical answer is to apply enough potash but to regulate nitrate reserves on 
the basis of carbohydrate content. 

It has been emphasized that, directly or indirectly, potassium is essential for 
carbohydrate synthesis and therefore it is obviously important in relation to cell 
wall formation and stiffness of stems. On the other hand if nitrate reserves are 
high in relation to carbohydrates and if carbohydrates are not replenished 
through photosynthesis, at a rate that exceeds their utilization in respiration and 
protein manufacture, cell walls will be thin and stems structurally weak even 
though the plants contain an abundance of potassium. Although this element is 
an important factor in CO 2 assimilation, it is only one of many that may limit 
carbohydrate accumulation and consequently cell wall thickness and stiffness of 
stems. 


POTASSIUM AND CELL DIVISION 

Except for simple salts of organic acids, it is not known that potassium enters 
into any organic combmations in the plant. Moreover, it is freely translocated 
from mature to meristematic tissues when there is a deficiency of it. Further, 
when developing fruits are present it is often in large part transferred to them, 
with subsequent death of vegetative growing points. These facts have been 
brought out by many workers, who have consistently emphasized the importance 
of potassium in the cambium and in other actively growing tissues (4). Lack of 
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potassium may therefore drastically modify plant form. This is true not only of 
aerial organs, but even more particularly of storage structures, such as sweet 
potatoes or beets. When potassium is insufficient for development of cambium¬ 
like tissues of the sweet potato, for example, it is translocated from such struc¬ 
tures to the embryonic tip of the storage root, and the potatoes therefore in¬ 
crease in length but little m diameter. 

These adverse influences of potassium deficiency on plant form are not peculiar 
to a lack of this element. Nitrogen deficiency will bring about much the same 
result, as would probably* a lack of other comparatively mobile elements that are 
essen tial for cell division. Potassium is important in its buffer relationship; it 
often favors absorption of nitrate; it plays a dominant part, directly or indirectly, 
in protein and carbohydrate metabolism; but more specific information seems to 
be lacking. Overstreet and Broyer (8) have recently been tracing the movement 
of this element with radioactive potassium. Possibly by employing this tech¬ 
nique, coupled with analyses for definite chemical bodies and purposeful ex¬ 
perimental manipulation, more specific information can be obtained. This 
vrould be in contrast to experiments with various levels of potassium where 
chemical analyses of plants have been limited chiefi 3 ^ to empirical fractions of 
nitrogenous and carbohj^drate constituents. 
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The production of tobacco of high quality is influenced by many factors, 
among which are the absorption and the utilization of nitrogen and potassium. 
That these two nutrients profoundly affect the character of growth has long been 
known, but their role in the production of high-yielding, disease-resistant tobacco 
of excellent quality is frequently misunderstood. 

Many investigators have attributed the lack of resistance to leaf spot diseases 
in tobacco to excessive nitrogen uptake, but some of the most seriously diseased 
samples examined in these laboratories have been found to contain considerably 
less than the normal nitrogen content of the variety. Disease-free tobacco 
grown on adjacent plots has been foimd, on the other hand, to possess as a rule 
the normal nitrogen content of the type. 

Certain investigators have attributed disease resistance to adequate potassium 
uptake, whereas others in recent years have denied that any relation exists be¬ 
tween potash fertilization and disease resistance. 

The assumption that the three factors, excellence in qualit}^ resistance to leaf 
spot diseases, and economic yield are incompatible is common among gi’owers 
of tobacco, although some growers succeed in combining quality and resistance 
with satisfactory yield year after year. 

These conflicts in opinion and the lack of evidence to explain apparent dis¬ 
crepancies in obseivation led the authom to initiate a research program in this 
field. This has been conducted for more than five years through plot work, 
seedbed studies, greenhouse experiments, and chemical and bacteriological 
laboratoiy investigations. Extensive field surveys also have been made to 
gather further data. Data obtained in this progi*am and conclusions drawn 
therefrom which pertain to the bearing of potassium on quality, yield, and dis¬ 
ease resistance are presented briefly in this paper. 

In the production of tobacco there are two distinct phases in the culture of the 
plant in which environmental conditions and cultural practices differ mai’kedly. 
Seedlings are produced in coldframes, hotbeds, or greenhouses and later are 
transplanted to the field. Investigation of the culture of the crop, therefore, 
has been divided into separate studies of tobacco in the seedbed and in the field. 

SEEDBED INVESTIGATIONS 

In its accepted meaning, “quality” in the seedling has usually covered disease 
resistance. The quality seedling is free from disease, transplants without great 
loss, and strikes root readily even imder somewhat adverse conditions in the field. 
'‘Yidd” in the seedbed usually refers to two factors: number of plants produced 
per square foot of bed, and length of time required to produce a plant suitable 
for setting in the Add. 
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Thirty years ago the practice of seedbed steaming was introduced in the 
Pennsylvania tobacco-producing region, and within a few years this method 
supplanted all others in the preparation of tobacco seedbeds. Although de¬ 
signed to destroy w’eed seeds, steaming was soon recommended as a necessary 
sanitary precaution in the fight against seedbed diseases. These diseases be¬ 
came an economic problem in the years immediately following the introduction 
of seedbed ste amin g. 

Surveys, by the authors, of the tobacco region of Pennsylvania have shown 
that it has been the practice to mcorporate large amounts of fresh manure and 
large applications of cottonseed meal usually without P and K supplements in 
the soil prior to steaming. The bed was then steamed and seeded within a 
short time. The appearance of leaf spot diseases in such beds was the rule, and 
the plant produced might well be described as soft, succulent, root-deficient, 
mineral-starved, and nitrogen-gorged. In order to maintain sufficient moisture 
in the upper layer of freshly steamed heavy soil, it was necessary to water daily 
and keep the bed tightly covered with cloth to prevent evaporation. An exam¬ 
ination of the soil usually showed a uniformly high content of NHs-nitrogen, 
little NOs-nitrogen, a water-logged condition, and excessive reproduction of 
bacteria within the soil and on the aeiial parts of the seedling. 

All seedbed soils and aU seedling plants examined showed the presence of the 
bacteria associated with the leaf spot diseases of tobacco regardless of sanitary 
precautions taken by the grower and regardless of the presence or absence of 
visible signs of disease. 

At this stage in the investigation the authors and their associates made a study 
of the nature of these bacteria and established that these organisms, Phyt(yinmas 
iabaca and P. angulala, were merely transitory physiological adaptations of the 
ubiquitous soil saprophyte, Pseudomonas fluorescens. It was further established 
that these oiganisms are not destroyed in seedbed steaming or by other routine 
sanitar}'’ measures followed in the Pennsylvania tobacco area and that the normal 
tobacco plant is exposed to these adaptations of Pseudomonas fluorescens 'at all 
times in both seedbed and fields 

It became evident as a result of the information obtained in this phase of the 
investigation that the incidence of leaf spot diseases is related not to the presence 
of the organisms (which are ubiquitous) but rather to the relative resistance of 
the host to infection. 

An investigation of the factors controlling resistance to leaf spot diseases in. 
the seedbed has shown that the tilth and moisture-holding capacity of the soil 
must be excellent in order to produce a plant with adequate root sj-stem and with 
the minimiiTTi use of water. In addition the nutrients supplied must be avail¬ 
able in such proportions that the X/K ratio of the‘seedling is approamately 0.6. 
Furthermore, beds must be ventilated and photosynthesis must be imdisturbed 
by excessive use of cloth. Under such conditions h^-quality, disease-re^ant 
seedlinp may be produced economicalls". 

^Reid, J. J., et al. 1942 Bacterial leafapots of Pennaylvania tobacco. Pa Aar Exd 
S ta. Bal. 422. » • r- 
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The provision of such environmental conditions is not difficult. Fall-steaming 
of the previously manured bed permits a return of the soil to approximately 
normal physical condition through alternate freezing and thawing in the winter 
months. This eliminates much of the trouble. It is not necessary to water 
fall-steamed beds excessively or to keep them closed in order to hold moisture. 
Fall-steaming coupled with suitable fertilization to permit the uptake of suffi¬ 
cient K and other minerals results in the production of high-quality disease-free 
plants. It has been found that an application of a 4-8-12 or closely allied 
fertilizer mixture at the rate of 1,000 pounds per acre will suffice for the nutrient 
requirements of the seedlings. 

It is true that there is a definite limit to the number of quality seedlings that 
can be produced in a given area, and the grower may seed too heavily in an 
effort to provide more seedlings than the bed space warrants. To this extent 
quality and excessive plant yield in the bed are iacompatible. On the other 
hand, the difference in seedling size often noted when soft succulent plants are 
contrasted with normal high-quality plants is more apparent than real. Labora¬ 
tory studies show that the we^ht of dry matter produced by the quality plant 
is as great as that produced by the tall, stringy, succulent one. 

HELD CULTUEB OF TOBACCO 

In the investigations of field culture of tobacco conducted by the authors, the 
cooperation of the Chatham Substation of the Vh^inia Agricultural Experiment 
Station was obtained. As a result, the research included the field production 
of Pennsylvania tobacco of the cigar-filler type and also the flue-cured tobacco of 
Virginia. The aid of leaf e}q>erts in the industry was enlisted, and their judg¬ 
ment of quality was obtained on all samples handled. More than 500 samples 
of flue-cured tobacco and more than 1,000 samples of cigar-leaf tobacco were 
examined in the chemical and bacteriologies laboratories in the course of these 
investigations. Determinations of the N and K content and of the microflora 
were made routinely, and in addition, as circumstances warranted, determina¬ 
tions were made of Ca, protein N, nicotine, reducing sugars, steam-volatile acids, 
and fixed organic acids. These chemicS and bacterioli^cS data were related 
directly to quality in the leaf. 

The results showed that flue-cured tobacco of excellent quality contains ap- 
proxunately 2 per cent N, at least 2 per cent K, and 18 to 25 per cent reducii^ 
sugars. Any significant divergence from these vSues was found to be reflected 
in a lowering of the quality of the leaf. 

Hi^-quality cigar-leaf tobacco was found to contain between 3.5 and 4.2 
per cent N, sli^tly more K than N, decidedly less Ca than K, and at maturity, 
protein N somewhat in excess of nonprotein N. It was also found at maturity 
to contain somewhat less than 1 per cent of oxalic acid, from 8 to 12 per cent 
malic acid, and about 2.5 per cent citric acid. These values change during air¬ 
curing, but any serious divergence at matimty was associated with lack of 
quality. 

The microflora of flue-cured tobacco was found to be an excellent index of 
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quality, high quality being associated with an active saccharolytic flora, and poor 
quality with either a proteolytic or inert flora depending on the factors responsi¬ 
ble for the lack of quality. In a somewhat similar manner the bacteriological 
findings in the case of cigar-leaf tobacco were related to the quality. 

With this information on the relation of quality to chemical composition and 
microflora of the leaf as a reference point, attention was turned to the study of 
fertilizer experiments at Chatham, Tirginia, and Roseville, Pennsylvania. 

The Chatham studies^ revealed that under the conditions of the experiment 
the highest-quality leaf was obtained by the use of three to four units of potash 
for each unit of nitrogen applied. Typical analytical data on tobacco leaves 
from a high-quality plot follow: 


•SBAS. 

' KZIROGE2< 

poTAssnnc 

SEDUCING SUGASS 


per cent 

percent 

percent 

1938 

! 2 07 

2.17 

22.18 

1939 

, 1.93 

2.43 

22.58 


Throughout a 4-year study of these plots it was found that smaller applications 
of potash resulted in a lowering of quahty, of market value per acre, and of K 
and reducing-sugar content and an mcrease in nitrogen content, although nitro¬ 
gen additions were the same in all plots in the series. Larger applications of 
potash resulted in a slightly lower N content, a slightly higher K content, with 
but little change in reducing sugar content, and slightly less monetary return 
per acre. 

Tobacco grown with three or more units of K 2 O per unit of X was uniformly 
free from leaf spots of all types during the course of the study, although those 
plots receiving less K 2 O exhibited leaf spots physiological and bacterial in nature. 

The studies of the Chatham tobacco included separate analyses of lower, 
middle, and upper leaves from each of the plots included in the program. This 
revealed a significant fact in the chemical composition of the plant. All treat¬ 
ments with less than three units of IV 2 O per unit of X resulted in the production 
of a plant with less potassium in the lower leaves than in the upper part of the 
plant. This condition was always found to be associated with inferior quality 
not only in the K-deficient lower leaves but in the upper leaves as well. Treat¬ 
ments giving the highest quality resulted in a uniform distribution of potassium 
throughout the leaves. Excessive K 2 O fertilization resulted in a greater ac-^ 
cumulation of Iv in the lower leaves than in the middle and upper leaves. It 
would appear, therefore, that potassium deficiency actually exists in any to¬ 
bacco plant that contains at maturity less potassium in the lower leaves than 
in the middle and upper leaves and that such deficiency is associated with a 
definite lack of quality in all leaves of the plant. This work indicates that such 
a deficiency is also associated \sith susceptibility to leaf spotting, which is fre¬ 
quently economic in severity. 

* Gribbins, M. F., Reid, J. J., and Haley, D. E. 1941 The distribution of potassium in 
bright leaf cigarette tobacco and its influence on the quality of the leaf. Jour. Agr. Res. 
63: 31-39. 
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Ths problenas confronting the grower of cigar-leaf tobacco on the heavy soils 
of Lancaster County, Pennsylvania, differ from those of the Vir ginia, grower of 
flue-cured tobacco. The yield of cigar-filler leaf must be far larger in terms of 
pounds produced per acre than in the case of flue-cured tobacco, if a profit is to 
be realized. In addition the cigar leaf must contain approximately twice as 
much nitrogen and potassium as does the flue-cured leaf. In order to obtain 
large yields of the cigar-leaf tobacco, either heavy applications of animn.1 manure 
or extensive green manuring supplements the use of commericai fertilizers on 
most tobacco land. Outbreaks of leaf spot diseases have constituted an ever¬ 
present threat to the Pennsylvania crop during the last 25 years, and yield and 
quality on the average farm have varied greatly with climatic conditions obtedn- 
ing from year to year. 

Dry-weather crops of cigar-leaf tobacco are poor in quality, and the leaf is 
heavy, gummy, and diffilcult to ferment. Potassium content is usually low and 
Ca content high. Yields are not satisfactory in these dry seasons, but disease 
in economic proportions does not appear. The crop of 1929 is an example of 
such tobacco. 

Wet-season crops, althoi^h not of the best, are superior in quality to dry- 
season crops, but the leaf is thin and the jield is not always satisfactory. Con¬ 
trary to popular opinion, disease is of little significance in wet seasons if there 
has been sufficient moisture to maintain growth at all times. The crop of 1942 
furnishes an excellent example of tobacco produced in a truly wet season. 

Seasons in which the amount of rainfall is ideal and distribution equitable 
are infrequent, but the crop of 1936 furnishes an example of tobacco produced 
under such conditions. Yields are large, quality is good under proper fertiliza¬ 
tion, the leaf ferments well, and the chemical composition shows £ m excess of 
N in the best of the crop. Leaf spot disorders do not occur in such years. 

The season of erratic rainfall distribution with periods of drought and periods 
of excessive rainfall interspersed constitutes the fourth and perhaps the most 
prevalent type. These conditions result in inferior quality in the bulk of the 
crop, often poor bum and poor fermentability, and widespread loss from leaf 
spot diseases. Such tobacco is relatively hi^ in nitrogen and low in potassium 
and contains abnormally large amounts of calcium and oxalic acid. 

In spite of these wide fluctuations in the bulk of the Pensylvania crop due to 
climatic conditions from season to season, some growers year after year produce 
good tobacco with good yields and no economic loss from disease. Likewise, 
on certain plots of the Pennsylvania Agricultural Experiment Station amilar 
tobacco has been produced, although adjoining plots 3 nelded small amoimts of 
inferior leaf, riddled in many cases with leaf spot diseases. 

On the ba s i s of this knowledge, extensive survesrs were made by the authors 
and additional plot work vras undertaken. Having previously determined that 
the bacteria associated with leaf spots constituted a normal part of the plant 
flora and that leaf spot incidence, therefore, was in no way related to the mere 
presence of the epiphyte, the authors were in a position to study the epidemiol<^ 
of the leaf spot diseases to determine why certain plants succumbed while others 
lived in health with the organism as a harmless saproph 3 rte on the leaf. 
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From the field sxirveys and chemical analj^ses of tobacco procured from grow¬ 
ers ia addition to crops from the e3q)erimental plots it was evident that disease 
resistance invariably accompanied excellence in quality and that such tobacco 
contained at least as much K as N. On the other hand, this information could 
not be directly related to K fertilization, as many plots and fields heavily ferti¬ 
lized with K failed to produce either high quality or disease resistance under 
erratic rainfall. Chemical analyses showed, however, that these plants had 
failed to assimilate sidequate amounts of K, althoi^h tests showed its avail- 
ahilits' in the soil at the end of the growing season. For example, plots in the 
4-year rotation in 1937 which received at least 1,000 pounds per acre of a 3-8-12 
fertilizer jnelded tobacco of high quality and with insignificant leaf spotting, 
whereas plots in the 3-year rotation with equivalent fertilization suffered more 
than 20 per cent loss from leaf spot diseases and the tobacco remaining was poor 
in quality and jield. Analyses revealed that the tobacco in the 4-3'ear rotation 
had taken up almost as much K as N whereas that in the 3-year rotation had 
absorbed onlj* about half as much K as N. Examination of root systems showed 
that the plants on the 4-year rotation had developed almost normally, whereas 
the roots of the plants of the 3-jrear rotation plots were much less extensive. 
The initial handicap of the soil imder the two systems of rotation was determined 
bj' a study of the check plots and is very pertinent to the entire problem. These 
data are briefly summarized as follows: 


DOTATION 

NAXUSE or UiND 

XEAT SPOT 
DAMAGE 

YIELD 

PER ache 

SALABLE 

TOBACCO 

PEE ACBL 



per cent 

lbs. 

lbs 

4-year 

Untreated corn land 

11.9 

1008 

888 

3-year 

Untreated clover land 

31.2 

1092 

761 

3-year ! 

Untreated alfalfa land 

1 

35.7 

1 

1176 

756 


It is obvious from these data that a given treatment had a much greater 
handicap to overcome on the legume sodland than on the stalkland. 

Further plot studies, based on this information, showed that in those years of 
erratic precipitation with drou^t followed by excessive rainfall, the tobacco 
plant deteriorated in quality and in disease resistance in accordance with the 
extent to which it suffered from interruptions in growth followed by tremendous 
X uptake at the break in the drought. Fhy^aological youth of some plants would 
save them from disaster whereas those undergoing such interruptions while 
phj^olf^caJly old invariably' suffered severely^. Soil drainage, tilth, rotation, 
maninial treatments, and cultivation as well as commercial fertilization deter¬ 
mine the extent to which a plant may continue to grow and develop normally 
under adverse conditions. 

For proper tilth and moisture-holding capacity in the heavy soils of Lancaster 
County, Pennsylvania, a liberal supply of humus is necessary. This need can¬ 
not be naet by the incorporation of old plant residues or of fresh anitiriftl manures 
if there is insufficient moisture to accomplish the conversion of this raw material 
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to humus. The plant living over a bed of fermenting organic material is usually 
suffering from microbial competition not only for moisture, if rainfall is scant, 
but also, in the early stages of growth, for nitrogen if the organic material is 
deficient in readily available nitrogen. Far from supplying the moisture-holding 
capacity of humus, these raw materials actually act m the opposite direction 
until humification has been accomplished in large measure. 

The solution to the question of the lack of proper nutrient absorption by 
tobacco on old legume sodland in years of erratic precipitation is, therefore, a 
shnple one. Such soil does not provide a moisture reserve for uninterrupted 
growth. Moreover, it contributes the most N to the plant not when needed m 
such seasons but rather when the plant is unable to take care of excessive N 
absorption. On a soil manured with unfermented animal manure, fermentation 
is somewhat more readily accomplished and N deficiency in the early part of the 
season is less likely to occur. 

Further investigations have shown that any condition which restricts root 
development or deprives a plant of sufficient moisture m time of drought leads to 
growth interruption, poor K uptake, N uptake at the wrong period, inferior 
quality, and susceptibility to disease. 

In order to ensure utilization of applied potassium, with consequent improve¬ 
ment in quality and increase in disease resistance, the tilth and moisture rela¬ 
tionships of the soil must be considered and adequate provision made through 
cultural practices to maintain the soil in good tilth and provide an adequate 
moisture-holding capacity so that growth may continue under adverse condi¬ 
tions. No tobacco plant is any better than its root system, and only in this 
manner may a normal root system be developed in unfavorable seasons. 

Practices which provide such assurance of continued growth, adequate potas¬ 
sium uptake, and the quality and resistance which this guarantees, may be 
briefly summarized as follows: 

The site must be selected with respect to good drainage. Good tilth must be provided. 
Humus must be supplied, preferably through the application of well-rotted animal manure, 
but if this is unavailable green manure may be substituted. It must be plowed under in 
the succulent state if a crop is to be planted at once. Rotations should be arranged so 
that the tobacco crop is never transplanted to a field in which old legume residues have just 
been plowed under. Cultivation should be adequate and should not damage or restrict 
root growth. Fertilizer applications should be sufficient to meet the demands of the crop 
and should include at least three times as much potash as nitrogen. The method of applica¬ 
tion should promote rather than restrict root development. 

The experience of practical growers who have followed this system, and the 
results of experimental plot work, indicate that in this manner good yields of 
excellent quality tobacco, free from disease, may reasonably be expected in the 
face of climatic conditions that prove disastrous to the crop in general. 
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During the past 35 years, many field trials with potash have been made in 
representative citrus orchards of California. In few, if any, cases have positive 
results of a decisive nature been obtained. Despite this fact, many growers 
persist in the belief that supplemental potash is essential for the maintenance of 
yields and for the production of quality fruit. 

In a comprehensive survey of California citrus-orchard soils, wide variations 
in the total, exchangeable, and water-soluble potash content have been found. 
These results suggest that in some areas potash may be deficient; and that in 
others, through the consistent and long-continued use of manures and mixed 
fertilizers on soils initially rich in potash, injurious quantities of this element 
may have accumulated. In an effort to develop more reliable criteria for evalu¬ 
ating the potassium status of cirtus-orchard soils, a comprehensive study of the 
potassium nutrition of citrus has been undertaken. The work, so far, has in¬ 
cluded three experiments: the first, a greenhouse experiment to determine the 
symptoms of potassium deficiency on several species of citrus grown in sand 
cultures under various nutritional conditions; the second, a solution-culture 
experiment with bearing citrus trees grown out of doors, to determine the effects 
of both potassium deficiency and excess on appearance of the tree, fruiting be¬ 
havior, and fruit quality; and the third, an experiment to determine the re¬ 
liability of tissue analysis as an index of the potassium status of the citrus tree. 
A full account of the first experiment and progress reports on the principal 
results, to date, of the other two studies are presented in this paper. 

EXPERIMENT 1— GREENHOUSE STUDY TO DETERMINE EFFECTS OP NUTRIENT 
VARIABLES ON SYMPTOMS OF POTASSIUM DEFICIENCY 

The effects of potassium deficiency on citrus have not, heretofore, been 
thoroughly described, and the published information is somewhat conflicting 
(1, 2, 5, 8). It was thought advisable, therefore, to determine at the outset: 
(a) something of the range of potassium-deficiency symptoms on several species 
of citrus grown under various nutrient conditions; and (ft) the extent to which 
potassimn deficiency is delayed or accelerated by these and certain climatic 
variables. 

Materials and methods 

Automatically operated sand-cultmu equipment was used for this experiment. 
Each culture unit consisted of a 135-liter tile reservoir, on top of which were set 
three 3-gallon glazed earthenware crocks filled with a sand-magnetite mixture 

^ Paper No. 476, University of California Citrus Experiment Station, Riverside, Cali¬ 
fornia. 
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flushed periodically with nutrient solution from the resenroir. The details of 
this type of equipment have been described elsewhere (3). 

TABLE 1 

Composiiion of nutrient aolviiom used in sand cultures* in greenhouse 


In amounts per literf 


yCTBlENT SOLUTION 

CXJLTUBE 

UNITS 

CITRUS SPECIES TREATED 

Ca 

Mg 

K 

Na 

Cl 

NO* 

SO* 

P04t 

Low-nitro¬ 

gen 

Complete 

land 25 
2§ 

Sw'eet-orange seedlings 

Lemon cuttings, grapefruit seedlings 

m.e. 

3.00 

fn.e. 

1.50 

m.e. 

1.50 

m.e. 

0.48 

m.e. 

0.28 

m.e. 

1.00 

m.e. 

5.00 

m.e. 

0.20 


-K 

9 and 17 
10andl8§ 

Sweet-orange seedlings 

Lemon cuttings, grapefruit seedlings 

4.00 

2.00 

0.00 

0.48 

0.28 

1.00 

5.00 

0.20 

Medium- 

nitrogen 

Complete 

3 

4§ 


5.00 

2.50 


0.48 

0.28 

5.00 

5.00 

0.20 

(Ca and 
Mg) 

-K 

11 

m 

Sweet-orange seedlings 

Lemon cuttings, grapefruit seedlings 

6.66 

3.34 

0.00 

0.48 

0.28 

5.00 

5.00 

0.20 

High-nitro¬ 
gen (Ca 
and Mg) 

Complete 

5 and 29 

6 and 30$ 

Sweet-orange seedlings 

Lemon cuttings, grapefruit seedlings 

12.50 

8.25 

6.25 

0.48 



5.00 

1 

-K 



16.66 

8.34 

0.00 

0.48 

0.28 


5.00 

0.20 

High-mtro- 
gen (Mg) 

-K 

7 

Sweet-orange seedlings 

5.00 

20.00 

0.00 

0.48 

0.28 

20.00 

5.00 

0.20 

High-nitro¬ 
gen (Na) 

-K 

19 and 27 

20 and 28$ 

Sweet-orange seedlings 

Lemon cuttings, grapefruit seedlings 

4.00 

2.00 

0.00 

19.48 

0.28 

1 

5.00 

0.20 

High-sul- 
fate fCa 
and Mg) 

-K 

23 and 24 

Sweet-orange seedlings 

16.66 

8.34 

0.00 

0.48 

0.28 

5.00 

20.00 

0.20 

High-sul¬ 
fate (Na) 

-K 

31 

32$ 

Sweet-orange seedlings 

Lemon cuttings, grapefruit seedlings 



0.00 

19.48 

0.28 

5.00 

20.00 

0.20 

EUgh-chlo- 
ride (Ca 
and Mg) 

-K 

15 

16$ 

Sweet-orange seedlings 

Lemon cuttings, grapefruit seedlings 

19.33 

9.67 

0.00 

0.48 

19.28 

5.00 

5.00 

0.20 

High-chlo¬ 
ride (Na) 

H 

8 

Sweet-orange seedlings 

6.66 

3.34 

0.00 

19.48 

19.28 

5.00 

5.00 

0.20 

High phos¬ 
phate 
(Ca, Mg, 
and Na) 

-K 

26 

Sweet-orange seedlings 

6.66 

3.34 

0.00 

3.48 

0.28 



3.20 


* Each culture unit consisted of a 135-liter tile reservoir containing the nutrient solution, and three 3-gallon j^ed 
earthenvare pots containing the sand-magnetite mixture and one citrus plant per jdot. The pots were flushed with 
the nutrient solution once daily. 

t Mn, B, and Zn were added at a rate of 1 p.p.m.; as a source of iron, 0.5 per cent magnetite was incorporated in the 
sand. 

t The phosphate was later increased to 0.5 m.e. 

§ Two of the three i>ots of each unit contained one lemon cutUng each; the oth^ pot contained a grapefruit seedling. 


Potassium-deficient nutrient solutions varying widely in calcium, magnesium, 
sodium, nitrate, sulfate, phosphate, and chloride content were provided. A 
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number of units containing complete solutions of vaiying compodtion served as 
checks. The composition of the nutrient solutions is set forth in table 1. Man¬ 
ganese, boron, and zinc were added at the rate of 1 p.p.m. The sand contained 
a small amount of potassium, sufficient only to g^ve the plants a good start. 
Knely ground magnetite, at the rate of 0.5 per cent, -was incorporated in the 
sand as a source of iron. 

In all save the low-nitrogen series of solutions, the nutrient level was high 
enou^ to provide ample amounts of all constituents. The aim with the low- 
nitrogen cultures was to produce plants slightly nitrogen-deficient. In devising 
these solutions, the thou^t was that any tendency of the citrus plant to absorb 
excessive amounts of other elements when potassium is deficient should be 
greatly intensified in cultures in which the concentrations of nitrogen, sulfate, 
chloride, pho^hate, calcium, magnesium, and sodium, respectively, were in¬ 
creased; hence any symptom resulting from excessive accumulation of one or 
more of these ions should be accentuated. 

Although no attempt was made to Tna.mt fl.iT> unvarying concentrations of all 
ions in the various cultures, phosphate, pH, and nitrate were determined fre¬ 
quently, and appropriate adjustments were made. New solutions were pre¬ 
pared every two months. Water lost by transpiration and evaporation was 
compensated for by daily additions of distilled water. The sand cultures of 
each unit were thoroughly flushed once daily with nutrient solutions from the 
tile reservoir. The large volumes, frequent adjustments, and bimonthly re¬ 
newals of the solutions, and the slow growth of the potasrium-defident plants 
prevented substantial changes in the concentration of the solutions. 

The cultures were arranged in such a way as to fadlitate comparisons, and 
duplicate cultures were so spaced in the greenhouse as to check on the effect of 
minor heat and %ht variations. Orange and grapefruit seeding carefully 
selected for uniformity were transplanted from flats of soil into the sand. The 
lemon cuttings (Eurdra) were rooted in sand in a propagating bed. Adhering 
soil and sand were thorou^y washed from the roots of all plants before trans¬ 
planting into the pots. There were three plants per pot at the outset; later 
these were thinned to one plant per pot. The erqreriment was begun on October 
20,1938, and continued until October, 1939. 

jSesuHs 

In a previous experiment, potassium deficiency was produced in a few sweet- 
orange seedlings, and symptoms were noted. The cultures of the present 
experipnent were therefore watched closely for the appearance of the first symp¬ 
toms characteristic of this disorder. 

Sodium accumtda^n. The first symptom of malnutrition to appear in the 
potassium-deficient cultures was a bum on the older leaves of the plants receiv¬ 
ing hi^ NaNOs. Subsequently, the plants receiving equivalent amounts of 
sodium from Na2S04 and NaCl showed a similar type of bum. Analysis of a 
sample of injured leaves showed 0.88 per cent sodium, on a dry-matter basis. 
Uninjured leaves of the same age showed 0.026 per cent sodium. 
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More or less bum of the older leaves of aU the plants in the high-sodium cul¬ 
tures continued to occur throughout the experiment, though the plants receiv¬ 
ing NaNOs were affected more adversely than those supplied with NaCl or 
with Na 2 S 04 . During hot spells the bum increased in amount. The injured 
leaves fell prematurely, but the total growth of the plants was not reduced much 


TABLE 2 

Composition of orange leaves from seedlings grown in complete and in potassium’^deficient 
nutrient solutions of variable composition 
Source, age, and character of leaves tested 


mmiEKT SOLUTION 


Low-miiogffa 


Complete 


-K 


CUL- 

TUB£ 


AGE 07 
LEAF 
(ap- 
7B0XZ- 
ICATE) 


numfhs 

6 

12 


6 

12 


SESCSIPnON 07 IEA7 
SAMPI£ 


Yellow; mtrogeziHlefi* 
dent 

Green, from stem base 


Medium yellow; crinkled 11.90 


Green, from stem base 


GONSTirUENTS 07 DET HATTER, AT lOS^C. 


Ash 


per 

ceni 

IH.OG 

117.001 


22.30 


Ca 


per 

cent 

2.43 

4.24 


per 

ce^\ 

QM 

0.20 


3.72 

6.75 


0.52 

0.65 


Mg 


per 

cent 

13.45 

,70 


0.11 

10.061 


Na 


per 

cent 

0.03 

0.05 


0.06 

0.13 


2.47 

2.05 


N 


per 

\cent 

|l.42 

1.49 


Per 

cent 

0.12 

0.12 


0.12 

0.12 


per 

cent 

0.33 

0.50 


0. 

0.69| 


0.14 

0.15 


Cl 


0.13 

0.11 


Medium-nitrogen 
(Ca and Mg) 


Complete^ 


12 


Green, from base of plant 17.40 


4.95 


0.23 


2.05 


0.00 


2.54 


0.10 


0.00 


0.00 


-K 


6 

13 


Green; crinkled 
Green, from stem base 


15.20 

122.15 


4.97 

7.14 


0.63 

0.66 


0.15 

0.23 


lo.oo 

lo.oo 


3.26 

2.43 


0.08 

0.15 


0.00 

0.00 


0.00 

0.00 


High-nitrogen (Ca 
and Mg) 


Complete] 


6 

12 


Green 

Green, from stem base 


14.151 

17.! 


2.18 

4.22 


0.22 

0.23 


2.38 

2.94 


0.02 

0.01 


2.90 


0.14 

0.14 


0.37 

0.30 


0.15 

0.12 


-K 


13 


13 


Dull green; y^w spots; 
crinkled 

Green, from stem base 


|15.35 

122.20 


5.20 

7.52 


0 

0.641 


0.13 

0.22 


0.01 

0.041 


3.18 

2.46 


0.10 

0.14 


|0.29 

10.29 


0.13 

0.11 


High-nitrogen (Mg) 


-K 


Dull green; crinkled 


10.20 


.74 


0.62 


0.17 


0.00 


3.16 


0.12 


0.00 


0.00 


High-nitrogen (Na) 


-K 


27 


Green; czinkled 


12.30 


0.61 


0.25 


0.40 


3.02 


0.12 


0.00 


0.00 


High-sulfate (Ca 
and Mg) 


-K 


23 


Dull green; crinkled 


115.65 


5.17 


0.57 


10.19 


0.02 3.30 


6.12 


6.35 


6.07 


High-chloride (Ca 
and Mg) 


-K 


15 


Dull green; cninkled 


16.55 


6.60 


0.67 


6.206.011 


3.66 


6.15 


6.00 


6.40 


High-chloride (Na) 


-K 


Dull green; crinkled 


13.60 


4.356.55 


0.16 


6.15 


3.30 


0.11 


6.00 


6.34 


High-phosphate (Ca, 
Mg, and Na) 


J -K 


26 


Dull green; crinkled 


17.35 


5.846, 


0.16 


6.003.22 


6.20 


6.00 


6.00 


more than that of plants in. other potasaum-deficient cultures, fnaamufth as 
all the high-sodium cultures lacked potassium, it is not known to what extent 
the sodium bum was a^ravated bj' potassium deficiency. However, results of 
leaf anal 3 r 8 es, presented in tables 2 and 3, indicate a tendency toward sodium 
accumulation in the leaves of potassium-deficient plants; hence it is inferred 
that sodium injury is accentuated when potassium is IftnlHng 
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Boron injury. The next symptom to appear on the minus-potassiiun plants 
was a leaf mottling on the lemon cuttings, identical in appearance with that 
caused by boron excess. Analyses of such leaves for boron showed values 
ranging from 152 to 200 p.p.m., whereas leaves of comparable age from the con¬ 
trol cultures showed only 20 to 40 p.p.m. 


TABLE 3 

Composition of lemon leaves from cuttings grown in complete and in potassium-^eficient 
nutrients of variable composition 


NUTIOENT SOLUTION 


Low-nitrogen 


Complete 


-K 


CDL- 

TUSE 


18 


AGE or 
LEAF 
(AP- 
PROXI- 

vme) 


months 

6 


DESCSIPTION OF LEAF 
S41CFLE 


Yellowish; nitrogen-defi¬ 
cient 


Yellowish; small leaves 


11.90 3.98 


CONSTITUENTS OF DEY UATXEB, AT lOS^C. 


Ash 


per 

cent 

9.75| 


per 

\ceiii 


1.740.17 


Ca 


p&r 

\cettt 


0.34 0.05 


Mg 


per 

ceni 

2.50| 


per 

{cent 

0.03! 


0.16 


Na 


per 

{cent 


1.18 0.15 0.16 0.15 


2.22 


N 


0.11 


per 

cent 


0.35 


0.11 


Cl 


per 

cent 


Medium-nitrogen 
(Ca and Mg) 


Complete 


12 


Green 

Green, from st^ base 


11.65 

14.55 


2.90 

5.15 


0.27 

0.36 


1.61 

1.55| 


p.oo 

0.00 


2.06 

2.43 


0.12 

0.12 


0.00 

0.00 


0.00 

0.00 


-K 


12 


6 

12 


Ydlowish; vein chloro¬ 
sis; sma.1] leaves 
Green, from stem base 


12.30 

|l4.55 


|3.90 

I4.84 


0.43 

0.55 


0.13 

0.09 


0.00 

0.00 


2.90 

2.72 


0 . 12 | 

o.iol 


0.00 

0.00 


0.00 

0.00 


High-nitrogen (Ca 
and Mg) 


Complete 


Green; medium large 


11.72 


2.48 


0.25 


2.62 


0.03 


2.70 


0.15 


0.28 


0.35 


-K 


14 


Greenish; some vein 
chlorosis; medium 


13.14 


0.52 


0.39 


0.09 


2.92 


0.12 


0.40 


0.15 


High-nitrogen (Na) 


-K 


20 


Green; some Na burn; 
mild K-defidency 


11.72 


13.32 


0.32 


0.23 


0.63 


3.17 


0.12 


0.00 


0.00 


High-sulfate (Ca 
and Mg) 


-K 


24 


Ydlowish; small leaves 


13.05 


4,36 


0.45 


0.18 


0.00 


3.60 


0.13 


0.44 


0.00 


High-sulfate (Na) 


-K 


32 


Yellowish; small leaves; 
slight Na-bum 


9.15 


2.72 


0.32 


0.19 


0.36 


p.oo 


0.14 


0.26 


0.00 


High-chloride (Ca 
and Mg) 


-K 


16 


Ydlowish; small leaves; 

vein chlorosis 
Bronzed; burned; gum 
spots 


10.67 

|l6.64 


3.66 

5.80 


0.35 

0.57 


O.h 

O.lll 


140. 


.00 

p.oo 


0.14 

0.12 


0.00 

0.00 


0.29 

0.30 


Curiously enou^, the lemon cuttings receiving high concentrations of sodium, 
either as nitrate or as sulfate (cultures 20, 28, and 32), did not symptoms 
of boron excess, thou^ they were as much depressed in growth at this stage as 
the cultures lowing symptonos of boron injury. Hence, the accumulation of 
boron in the potasrium-deficient cultures was not wholly the result of retarded 
growth. Rather it appears that potassium and sodium influence boron ab¬ 
sorption, potassium deficiency favoring boron accumulation, and sodium excess 
depressing it. 

Potassitm-defieiency symptoms of orange and grapefruit seedUngs. Except for 
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the appearance of the aforementioned sodium bum and boron mottling o* the 
leaves, the minus-potassium plants showed no other symptoms save retarded 
growth rate until April, 1939. At this time the leaves of the sweet-orarge and 
grapefruit seedling in all except the h^-sodium cultures, began to disp'ny a 
tendency to curl, pucker, and twist. 

During the succeeding two months (May and June), these leaf abnormalities 
became much more pronounced. The curling and crinkling of the orange and 
grap^ruit leaves were accompanied by a lusterless appearance and more or less 
fading of the chlorophyll. No distinctive or uniform leaf pattern developed, 
however. Some of the crinkled leaves retained their green color, others de¬ 
veloped li^t-colored spots or areas irregular in rize and spacing, and others 
showed a yellowing of a part of the veins. This last-named symptom wa 
peciaUy msurked in the grapefruit, as was also the yellow spotting. At this 
nmny of the older leaves showed the usual fading which accompstnies senes* 
the petiole in particular becoming yellow, the yellowing often extending t> 
lower part of the leal bbule. Many of the old orange leaves showed a r.ar^' 
discoloration on the upper leaf surfsice, e^cisJly around the maigms. '''his 
was due to gum exudation and ^ould not be confused with the msuginal dis¬ 
coloration asd bum prevalent on leaves of other potasrium-dehcient plants. 
In fact, marginal, leaf scorch (4) wsis conspicuously absent in the citrus plants. 

A month or more after tiie appearance of the puckered smd crinkled condition 
of the leaves, the orange and grapefnut pknts began to send out niunerous 
lateral shoots. These shoots were spindly and weak, often drooping somewhat 
at a point near the main stem. In esuly stages the stem bsurk at this point 
was distinctly yellowish, but as the stem hardened, the bsurk turned green, smd 
the direction of growth becsune more upright. This gave the shoots an S-shaped 
form. 'This secondary stage of potasrium deficieniy corresponds to that de¬ 
scribed by Nightingale (7) and by 'Wall (9). 

Another condition that became pronounced on both the orsmge and the grap 
fruit plants was a gum exudation from ^lit areas in the older stems and trunk 

The pronoimced crinkling and curling of leaves, the weak, multiple latera 
shoots, and an extreme case of the spotting and partial vein chloro^ of leave 
are shown in figure 1. 

Potassamrd^fiaemy symptoms of lemon cuttings. The curling and puckering 
so prominent on the leaves of the orange and grapefruit seedlings was much less 
pronounced on the leaves of the lemon cuttings. The first tan^ble symptom to 
develop on the lemon cuttings was a distinct yellowing of the midrib of previ¬ 
ously green leaves. This yellowing subsequently spread to some of the main 
veins and to adjacent mesophyll areas. At this stage the yellowed areas con¬ 
trasted sharply with the green of the rest of the leaf. Later, as the whole leaf 
became more yellow, this symptom was less con^icuous. 

Soon after the development of the veinal yellowii^ many weak lateral shoots 
began to emerge, as in the case of the orange and grapefruit seedlings. Al tho ugh 
laterals of the lemon cutting did not show quite the droopmg tendency of those 
of the orange and grapefruit seedlings, the stems were yellowish and, in areas, 
the barik became shriveled or pitted. Li severe cases the shrunken or pitted 
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Fig. 1. Effects of Potassium Deficiency on Sweet-Orange and Grapefruit Seedlings 
Af Sweet-orange seedling showing crinkling and curling of leaves and weak, multiple 
lateral shoots; J?, extreme case of leaf-spotting and partial vein chlorosis on grapefruit 
seedling. 



Fig. 2. Lemon Leaves Showing Various Conditions Caused by Potassium Deficiency 
A, Early stages of potassium deficiency are characterized by a pronounced yellowing 
along midrib, which later spreads to veins and adjacent areas; B, old leaf showing small gum 
spots along veins; C, brownish gum spots along margin, and general irregular yellowing of 
leaf. Not all leaves showed all of these symptoms. 


areas became necrotic and a dieback of shoot apexes resulted. The leaves of 
shoots were small and underdeveloped. 

Except for the early vein chlorosis, the lemon leaves showed no other charac- 
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teristic pattern. The leaves became unevenly faded and lusterless, and small 
gum spots often appeared along the main veins as the leaves aged. Small 
brownish spots also appeared along the margins of many leaves, and there was 
some tendency for yellowish and finally necrotic spots to develop. Xo marginal 
bum or scorch was evident at any time. 

Lemon leaves showing various symptoms of potassium deficiency are pre¬ 
sented in figure 2. The shmnken and pitted condition of the bark of a succulent 
young stem of a lemon cutting is shown in figure 3. Xo bark splitting or gum¬ 
ming was noted on the stems of the lemon cuttings. 

Effect of nutrient and climatic variables on potassiumrdeficiency symptoms. 
Aside from the sodium bum and the sjTnptoms of boron excess already men¬ 
tioned, the character of the potassium-deficiency S3anptoms was essentially" the 
same on all the plants, irrespective of the variations in the calcixun, magnesium, 
sodium, nitrate, chloride, sulfate, and phosphate concentrations of the culture 
solutions. 

The only- difference noted was in cultures that were slightly deficient in nitro¬ 
gen, where the secondary" growth, characterized by- the emergence of many" 
weak laterals, was not so marked as in other cultures. This is in accord with the 
conclusions of Xightingale (7), that the secondary" growth is a result of the ac¬ 
cumulation of soluble organic nitrogen fractions. In plants partly nitrogen- 
starved, such accumulations would be less marked than in plants plentifully" 
supplied with this element; hence it is to be expected that the amount of secon- 
daiy gi’owth in such plants would be reduced. 

Another character somewhat tram^ient in nature, not consistently" seen, and 
unrelated to any" of the nutrient variables, was that of iron chlorosis. That iron 
metabolism is somehow disturbed by- potassium deficiency" is seen in the nodal 
accumulations of iron in stalks of com plants lacking potassium (6). The 
tranhient and inconsistent appearance of this sy"mptom in citms suggests that 
some climatic variable is involved. 

On two occasions, during the late spring and summer (]May" and July") of 
1939, potassium-deficient and corresponding control cultures of the low- and 
high-nitrogen series were stressed for water to see whether this would lead to 
any" ty-pe of leaf bum or scorch. The nutrient solution vdth which the pots were 
customaiily" flushed once a day", was withheld for a sufficient period to induce 
incipient wilting. On neither occasion did bum or other leaf synnptom develop. 
Thi<! result is in contrast to effects on other plants (4). It is a common obseiwa- 
tion that drought affects potassium-deficient plants more adversely" because of a 
decrease or change in the water-retaining capacity" of colloidal constituents. 

As mentioned earlier, during hot spells the sodium bum alway"s became more 
pronounced. In contrast, none of the potassium-deficiency sy"mptoms w-ere 
noticeably" a^ravated by" high temperatures. 

Effect of potassium deficiency on mineral composition of plants. To deteimine 
the effect of potassium deficiency" on the mineral composition of the plants 
grown in the various nutrient media, leaf samples w-ere picked from all cultures 
in October, 1939. The leaves w-ere carefully" cleaned, air-dried, and analyzed 
for mineral constituents. The results are show-n in tables 2 and 3. 
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Fig. 3. Enlarged Section of Young Stem of a Lemon Cutting, Showing Sunken or 

Pitted Areas op B\rk 



Pig. 4. Effect op Potassium Deficiency and Excess on Size and Character of Fruit 

Produced 

A, Fruit from potassium-deficient tree (no. 6), and P, from potassium-excess tree (no. 7) 
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As was to be expected, potassium was exceedingly low in all the potassium- 
deficient cultures. This deficiency was, in most cases, accompanied by an in¬ 
crease in accumulations of calcium and magnesium. The tendency toward 
calcium and magnesium accumulations appeared to be limited, however, as is 
sho\\’n by the fact that substantial increases of these elements in the nutrient 
solution were not accompanied by corresponding increases in the plant. In 
other words, though lack of potassium tends to cause increased calcium and 
magnesium absorption, there is some factor which operates to limit this absorp¬ 
tion beyond a certain point. 

There was a tendency for sodium to increase where potassium was lacking. 

Lack of potassium resulted in increased nitrogen content of leaves in most 
cases; but, as with calcium and magnesium, this tendency w’as definitely limited. 
On the other hand, potassimn deficiency did not result in significant increases 
of phosphorus, sulfur, or chloride in the leaves, though there was some increase 
in each of these elements 'where the nutrient level "was markedly increased. 

In general, the results of these anal^^ses are in harmony with the finding that, 
so far as external sjTnptoms of potassium deficiency are concerned, wide varia¬ 
tions in calcium, magnesium, sulfate, chloride, and phosphate produced no 
detectable differences. 

Effect of nutrient variables upon severity of potassium-deficiency symptoms. Un¬ 
fortunately for this aspect of the problem, the plants made a somewhat uneven 
start, those receiving higher amounts of Ca(X 03)2 in both the complete and the 
potassium-deficient cultures being somew’hat depressed in the very early growth 
stages. Later this condition disappeared. 

One fact became clear as the experiment progressed. The onset of potassium 
deficiency w^as significantly delayed by high concentrations of sodium. This 
wras true of all three of the citrus species employed and in all seven of the cul¬ 
tures in 'which the sodium level w^as high. Though the older leaves on all of 
these plants showed sodium bum, the total gi’ow’th was not materially depressed; 
hence the delay in the appearance of potassium-deficiencj’' s^miptoms cannot be 
ascribed to slow'er early grow’th. Whereas all the other plants began to show 
signs of potassiiun deficiency in April, 1939, it was not until July, 1939, that the 
plants of the cultmes high in sodium nitrate, sulfate, and chloride became 
affected. Subsequently, these plants developed exactly the same deficiency 
symptoms as all the others of this experiment. 

The onset of potassium deficiency in culture 26 (high-phosphate), w^hich 
received 3.48 m.e. per liter of sodium, was not delayed. Ihese obsei-vations 
suggest that the effect noted in the hi^-sodium cultures was not due to partial 
replacement of the potassium function by sodium. Rather it appears that 
sodium offset the aggravating effects of calcium and magneaum. Despite the 
une\ en start of these plants, there was e'vidence all through this experiment that 
increased concentrations of the divalent bases heightened the severity of the 
potassium-deficiency ^unptoms. 
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BXPEEUMENT 2— EPPECTS OP POTASSIUM DEPICIENCT AND EXCESS ON BEARING 
ORANGE TREES GROTPING IN SOLUTION CULTURES OUT OP DOORS 

The study of the effects of potassium on bearii^ orange trees is stall in prog- 
gress, and, as final condudons cannot yet be drawn, only a brief account of the 
technique and major results to date is given here. The experiment was set up 
to determine the effects of various potassium concentrations, induding defi- 
denpy imd excess levels, on the appearance, growth behavior, and qualily of 
fruit produced. It was hoped, also, that the trees ch this e:qpeiiment would 
provide material for critically testing whether the potassium content of any 
part of the tree mi^t serve as a reliable guide to potassium defidenq/ or excess. 

The trees used (Valendas and navels on sour stock) were 5 years old from the 
bud and had been employed previously in a nitrogen experiment in outdoor sand 
cultures. They were transferred from the sand cultures to lai^, 700-liter, 
cylindrical, concrete containers in June, 1940. 

The 20 trees of this experiment were divided into three groups: one group 
received potassium at a levd ran^g between 3 and 7 p.pjn.; another, between 
30 and 40 p.pm.; and the third, between 350 and 400 p.pjn. 

Inasmuch as no evidence of potassium deficiency had developed in any of the 
low-potassium cultures by March, 1941, one tree was thenceforth deprived of 
this element. The only sign of malnutrition that appeared on this tree during 
the succeeding year was a reduced amount of new growth coupled with a greater 
fall of old leaves. This gave the tree a somewhat thinner appearance. The 
color of the foliage, espedally on the sun side, was sli^tly less green. The tree 
set and matured a fair amount of fruit. The fruit was of good quality but 
somewhat small. During this period (March, 1941, to January, 1942) the 
potasdum content of the leaves dropped from about 0.6 per cent to 0.2 per cent. 
There were no other distinctive symptoms, save a tendenqy toward di^t iron 
chlorosis and symptoms of boron excess on a few leaves. 

After the spring bloom, in April, 1942, defoliation became much more marked, 
the color of leaves became somewhat more bronzed, and in June, 1942, weak, 
S-shaped laterals, identical with those seen in the potassium-deficient green¬ 
house plants, began to emerge. Some of the older leaves b^an to show dink- 
ling and twisting and the characteristic yellow spotth^; others, on the south 
side of the trees, became severely sunburned. It is of interest that these dis¬ 
tinctive symptoms did not appear until over a year after this tree had been 
deprived of potassium. This indicates that the early or indpient stages of 
potasdum defidenqy on bearing dtrus trees cannot be diagnosed by dstemal 
•symptoms. 

None of the trees maintained at from 3 to 8 p.pjn. potassium over a 2-year 
period have diown any signs of malnutrition. They are green, healthy, and 
vigorous, and, in every respect, normal in appearance. 

The trees receiving 350 to 400 p.pjn. potassium have, however, developed 
marked symptoms of malnutrition. The earliest effects noted were on the fruit, 
many being large and misshapen. A great many of the fruits, particularly the 
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Valencias, had extremely coarse, thick rinds. The quality was poor, and the 
juice was low in total solids and acid. Leaf and fruit analyses showed a high- 
potasrium and a low-calcium content. 

Several of these hi^-potassium trees have become infected with brown rot 
gummosis, and during the first year, many of the fruits diowed water spot and 
black rot. 

The relative aze and rind texture of typical fruit produced on trees suffering 
from potasrium deficiency and excess, respectively, are shown in figure 4. As 
this experiment progresses, a more complete understanding of the growth and 
fruit abnormalities characterizing potassium variations should be obtained. 

BXPEBIMEST 3— ^POUAR DIAGNOSIS AS A MEANS OP DBTEHMIKING THE POTASSIUM 

STATUS OP CITRUS TREES 

Our studies to date indicate that neither for incipient potassium deficiency 
nor for incipient potas.'dum excess are external symptoms suf&dently distinctive 
and specific for diagnostic purposes. Even in acute stages diagnoris from ex¬ 
ternal .symptoms alone is not too certain, because of possible complication by 
other, secondary factors. We have therefore begun a study to determine the 
reliability of tissue analysis as a (fiagnostic measure. Thou^ this work is in¬ 
complete, encouraging results have been obtained. 

For this disorder, the leaf appears to be the most indicative part of the tree. 
Forty to fifty leaves picked at random from an area approximately 3 to 7 feet 
hi^ around the tree are sufficient to provide a representative sample. 

Leaves from plants suffering from acute potassium deficiency are character¬ 
ized by potassium contents ranging from 0.2 per cent to as little as 0.05 per cent, 
on a diy-wei^t basis. On the other hand, leaves from plants suffering from 
pota^um excess may have as high as 5.0 per cent potassium in the dry matter. 

As mi^t be expected, the potassium content of leaves changes markedly 
with the seasons; it has therefore been necessaiy to standardize on leaves of 
known age. With oranges and grapefruit, the spriog-cycle leaves which emerge 
with the bloom in April have been tentatively chosen for study. The potasrium 
content of such leaves is at first comparatively high, but by July it has dropped 
to a level that remiuns fairly' stable for several months. K the leaves are selected 
with care from fruit-bearing branches, one can be certain that they represent 
apring-cyde foliage. 

On the baris of evidence thus far accumulated, it appears that spring-cycle 
leaves picked in July, August, or September and found to contain 0.2 per cent or 
leas of potasrium, indicate potasrium deficiency. If the leaves contain over 1.0^ 
per cent potasrium and the tree is green and healthy, supplemental potasdum is 
probably not needed. If the leaves contain 3.0 per cent potasdum, or more, s-nd 
are low in calciam content, a condition of potasdum excess may be indicated. 
To date we have insufficient information to interpret leaf analyses showing 
values for potasdum between 0.2 and 1.0 per cent. Moreover, the limita given 
as representing deficiency and excess levels are tentative, and further refinement 
and testing are needed before fina l standards can be established. 
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SUM1UART 

Greenhouse and outdoor experiments with citrus in controlled cultures have 
made it posrible to determine some of the primary and secondary symptoms of 
potassium defidency. Some of the effects of excess potassium on bearing trees 
have also been studied and described. The value of tissue analysis as an index 
of the potasdum status of citrus trees has been partially investigated, the plants 
of these experiments and mature trees in the field beii^ used for testing and for 
standardization of methods. 

The early symptoms of potasdum deficiency are reduced growth, sparse foliage, 
and a somewhat bronzed and lusterless appearance of the leaves, but at this stage 
there is nothing about the external symptoms to distinguish this disorder from 
many other conditions of malnutrition. Leaf analyses, however, show an ab¬ 
normally low potasdum content and increased percentages of calcium and mag- 
nedum. As the deficiency becomes more acute, there is evidence of leaf twisting 
and crinkling, and weak, spindly new lateral shoots emerge. Because of lack of 
mechanical strei^th, these shoots have, at first, a tendency to be S-shaped. No 
distinctive or uniform leaf pattern or patterns have been noted, thou^ vein 
yellowing, yellow spots, markings, or stipplings are common. Conspicuous by 
their absence are the marginal discoloration and bum so commonly noted on the 
leaves of many other potasdiun-deficient plants. 

Under greenhouse conditions the symptoms described above occurred on 
plants supplied with nutrients both low and h^ in calcium, rm^edum, sodium, 
nitrate, sulfate, and chloride. This implies that these symptoms are primary 
and are associated with some fundamental disturbance of plant metabolism, 
caused by potasdum defidency. Potassium-deficient plants contained increased 
amounts of caldum, magnedum, sodium, and nitrogen, but the tendency for 
accumulation of these was not excesdve. Phosphorus, sulfur, and chloride, on 
the other hand, did not accumulate in potasdum-defident plants. 

Boron accumulated suffidently in potasdum-defident lemon cuttings to pro¬ 
duce on the leaves typical patterns of boron excess. Leaf bum from high sodium 
was somewhat accentuated by pota^um defidency. Trandent iron-chlorosis 
patterns were frequently noted on the leaves. Stressing the greenhouse plants 
for water did not measurably aggravate the symptoms. 

High concentrations of caldum and magnedum in the culture solutions sli^tly 
hastened the appearance of potasdum deficiency; hi^ concentrations of sodium 
delayed the onset of acute symptoms. Lower levels of sodium were without 
effect. It is su^ested that the delaying effect of high sodium concentration was 
not due to its substitution for any function of potasdum but rather to an antag¬ 
onistic effect on caldum and magnedum, which tended to off^t the aggravating 
effect of the divalent bases. Leaf analyses lend support to this view. 

Fruit from potasdum-defident trees was smaller than that from healthy trees 
but was not of poor quality otherwise. Fruit from trees recdving excesdve 
potash was large, coarse, more susceptible to rot, and of poor eating qualify. 
The caldum content of such fruit was very low, and the syiuptoms noted may 
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have been the effect of calcium deficiency brought on by high potassium rather 
than any physiological effect of hi^ potasaum, as such, within the tree. 

Studies of tissue analysis as a means of diagnosing potassium deficiency or 
excess indicate that under California conditions spring-cycle leaves picked in 
July, August, or September, from trees not affected by other types of malnutri¬ 
tion, are indicative of the potassium status of the tree. Further confirmation of 
these studies is necessary, but it now appears that leaves containing less than 0.2 
per cent potasaum probably indicate pota^um deficiency; that those containing 
1.0 per cent potassium, or more, indicate an ample supply of this element; and 
that those containing more than 3.0 per cent potassium and a subnormal amount 
of calcium may indicate potassium excess or calcium deficiency. 
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The analysis of plants as a means of ascert^bing the nutrient content of crops 
was undertaken early in the history of agricultural chemistry. De Saussure (17) 
in 1804 analyzed the ash of plants and observed that its compoation varied 
with the soil, with the part of the plant, and with the age of the plant, liebig 
(12, p. 203) and later Wolff (25) considered the maintenance of soil fertility 
dmilar to bookkeeping in which the nutrients removed by the crops must be 
restored to the soil either directly or indirectly. EbU (5) at Rothamsted in 1905 
envisaged plant diagnosis as a determination of the ‘'normal” nutrient content of 
the plant, but concluded that “ ... thou^ the straw [of barley] shows very con¬ 
siderable fluctuations in its potash content it is not always possible to interpret 
the results.” In 1928 Salter and Ames (16), after due consideration of the prob¬ 
lem, concluded that so many factors influence the nutrient composition of the 
plant that the use of plant analytis as a guide for evaluating the fertilizer re¬ 
quirements of crops is precluded. 

Notwithstandh^ the many difficulties, progress has been made in the use of 
plant analysis as an aid in diagnosing the nutrient requirements of plants. A 
significant step was taken by Hoffer (9) through the use of tissue tests for nitrates 
and potassium in the com plant under field conditions. Later these “quick 
tests” were improved by Thornton et dL (21) and extended to include other nu¬ 
trients. Further contributions have been made by many workers, including 
Emmert (3), Carolus (1), Hance (6), Hester (7), Page and Biu-khart (15), and 
Scarseth (18). 

Simultaneously with the development of the “quids tests,” another group of 
workers; namely, Lagatu and Maume (11), and later, Thomas (20), Chapman 
(2), Ni^tingale (14), and Ulrich (22,23), adopted primarily the more accurate 
laboratory procedures for ascertaining the nutrient content of the plant. The 
greater accuracy of the laboratory methods has permitted quantitative studies of 
the interrelationships of nutrients to yields, such as those presented by Lagatu 
and Maume (11) and Thomas (20). These workers have developed the concept 
of foliar diagnosis, which includes a study of the “course of nutrition” as re¬ 
flected by its “intensity” (sum of percentages of N, E^O, and PjOs) and by its 
“quality” (ratio of N, EsO, and PjOs, calculated as nulliequivalents and then 
expressed in per cent of the total milliequivalents). Thdr concept, however, has 
not been utilized by other workers. Rather, a simplified viewpoint has be^ 

1 The author wishes to express his appreciation to D. E. Hoaglaad and to H. Jenny for 
their constructive criticism duriD^ the preparation of the manuscript. 

The experimental work reported in this paper was in part supported by grants from the 
American Potash Institute, Inc. Additional assistance was furnished by the personnel of 
the Works Progress Administration OfEicial Project No. 65-1-08-91-B-10. 
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adopted in the selection of critical levels or limits of each nutrient, which from 
previous experience have indicated defidencies of a nutrient. The latter ap¬ 
proach to the problem is common to the “quick tests” and to the laboratory 
procedures of other invest^tors, althou^ the limits set by the “quick tests” 
are necessarily broader than for the laboratory methods. 

CRITICAL CONCENTRATION OP A NUTRIENT 

Definition 

In the present paper the critical nutrient coruxntraMon^ of a plant, or part of a 
plant, is defined as tbat nairow range of concentrations at which the growth rate 
or yield first begins to decrease in comparison to plants at a hi^er nutrient level. 
Above the critical range there is no diminution in the rate of growth or in yield 
caused by a lack of the ^ven nutrient, but when the concentration decreases to 
the critical level, or below it, the growth rate as well as the yield decreases. This 
definition is in accord with the one recently proposed by Macy (13). 

Determination 

Under conditions of known nutrient or fertilizer response, the critical level for 
each nutrient may be determined by sampling the proper part of the plant at 
regular intervals during the growing season. From the changes taking place in 
the nutrient concentration of the fertilized and unfertilized plants, the ap¬ 
proximate critical range may be ascertained. In a field experiment with grapes, 
to be discussed later, the critical range is in the region of little change in the po¬ 
tassium concentration of the leaf petioles from the plots without added potassimn 
(fig. 1). Wben similar low values are obtained at other localities, then a de¬ 
ficiency of that nutrient may be suspected and later tested by actual trial. 
Through many observations of this nature, in which responses are compared to 
anal 3 rticai values, the critical concentration for each nutrient and for each crop 
may be established. 

■l^en it is possible to make frequent harvests of a crop during its development 
to maturity, a modification of the foregoing proeedmre may be employed for the 
determination of the critical rai^. Plants growing either in pots of soil or in 
nutrient solutions are supplied with two different amounts of the limiting nu¬ 
trient, while all other growth factors are adequately maintained. At first there 
will be no s^nificant difference in yield between the two series of plants, but later 
the jield of the plants with the smaller amount of the limiting nutrient will be less 
than the yield with the hi^er amount. The concentration of the liTniting nu¬ 
trient in a suitable part of the plant at the tune of decreased growth will be its 
critical concentration. As in the first method of determining the critical con¬ 
centration, additional experience in the field will aid in making general interpre¬ 
tations by this method. 

* In a recent paper by the author (22) the “critical value” was designated as the “mini¬ 
mum value.” The two terms, as used in this and in the former paper, are synonymous. 
At this time it appears preferable to reserve the term “minimum value” to designate the 
lowest concentration of a nutrient attainable in the plant or in any part of the plant. 
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Another and dmpler method of determining the approximate critical nutrient 
range is throu^ an analysis of parts of the plant, when the plant displays known 
nutrient deficiencies. Critical values estimated in this manner, as well as by the 
pot or the solution culture technique, are likely to be lower than the values ob¬ 
tained under field conditions. 


TABLE 1 


Effects of stage of development, of season, and of sodium and calcium on potassium concentration 
of tomato leaf blades visibly deficient in potassium 


HASVEST DATES 

TBEATUENTB* 

1 

poTASsnn 

2 

[ WDEY £Ei 

3 

UP BLADES 

4 

Mean 

February 5, 1941.| 

February 19, 1941.| 

March 5,1941.| 

Control 

Control + Na 

Control 

Control + Na 

Control 

Control 4- Na 

percent 

0.70 

0.79 

I 0.62 
0.65 

0.33 

0.64 

percent 

0.55 

0.95 

0.60 

0.63 

0.48 

0.61 

percent 

0.61 
i 0.90 

0.57 

0.76 

0.40 

0.48 

per cent 

percent 

0.62 

0.88 

0.60 

0,67 

0.40 

0.51 

Significant differencef. 


.... 

.... 

.... 

0.11 

a in<io j 

Control 

0.63 

0.48 

0.56 

0.58 

0.64 

JViay 0 , ilrtJ.\ 

Low Ca 

0.49 

0.59 

0.53 

0.52 

0.63 

QA mdo J 

Control 

0.34 

0.48 

0.34 

0.43 

0.40 

May . \ 

Low Ca 

0.41 

0.38 

0.38 

0.46 

0.41 

O 1040 j 

Control 

0.42 

0.42 

0.34 

0.39 

0.39 

June Of .. \ 

Low Ca 

0.55 

0.60 

0.55 

0.52 

0.54 

1*7 "lOAO J 

Control 

0.35 

0.30 

0.32 

0.32 

0.32 

June If, . \ 

Low Ca 

0.46 

0.54 

0.58 

0.49 

0.52 

Significant diflferencef. 

.... 


.... 

.... 

0.07 


* Culture solutioua for plants without sodium were the same as given in the text; those 
vdth sodium had an initial NajSOt concentration of 0.005 M. The low-calcium plants were 
grown in solutions contmning one quarter of the amount of calcium in the control solution. 
The nitrogen of the low-calcium solution was made comparable to the control solution with 
NHiNOt. The solutions in the control experiments were identical, 
t At the 5 per cent level (4,19). 

CmsUmcy of critical concentration 

Since the burden of the interpretation of plant analysis rests primarily upon the 
value of the critical nutrient concentration, the approximate constancy of this 
concentration is of the utmost importance. Undoubtedly some of the Victors 
known to influence the nutrient content of the plant, such as soil, cUmate, and 
stage of development of the plant, will also affect tiie critical concentration of the 
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nutrient. Fortunately, the variations observed in the potassium concentration 
of plants grown in nutrient solutions, in pots of soil, and in the field have not 
been great. In two seri^ of experiments with Marglobe tomatoes grown in 
aerated culture solutions,^ studies were made of the effects of some of the fore¬ 
going factors upon the potasrium concentrations of leaf blades that displayed 
potassium-deficiency symptoms. The results given in table 1 indicate that the 
potassium concentrations in each series of plants decreased as the deficiency in¬ 
creased in severity. Superimposed upon these effects were the influences of 
season. In Februarj- the average value was 0.61 per cent as compared to 0.47 
and 0.36 per cent for May and June respectively. Sodium added to the culture 
solutions increased the potassium concentration of deficient blades for the March 
5,1941 harvest by 0.11 per cent. Potasaum-deficient blades from culture solu¬ 
tions low in calcium were higiher in potassium for the last two harvests than the 
blades from the control plants. 

The general conclusion that may be drawn from these observations is, that even 
though the potassium concentrations of the deficient blades are influenced by 
sodium or calciiun or by the season, the effects are not large enou^ to alter the 
interpretation of the values under field conditions. Until additional experiments 
prove otherwise, therefore, the critical concentrations for potassium may be 
used as points of reference to ascertain the potastium status of the m>p. 

GEXERAUZED PLANT NIITBIBNT EQUATION 

One of the criticisms of plant analysis as a diagnostic procedure has been that 
an interpretation of the analjiical results is prevented by the many factors that 
influence the nutrient composition of the plant. It is this sensitivity of the plant 
to environmental changes, however, along with the narrow range of the critical 
nutrient concentrations, that makes plant analysis of value as an aid in de¬ 
termining the fertilizer requirements of crops. If plants were not influenced by 
their surroimdings, plant analysis would have little value. 

Ilie many factors or variables affecting the nutrient concentration of the plant 
may be equated as Jenny (10) has done recently for the factors affecting soil 
formation. In an equation for plant nutrients, the concentration of a given 
nutrient (Z) would be a function of the soil (S), climate (Cl), time (T), plant 
(P), management (M), and possibly others. This relationship may be expressed 
in the following generalized equation: 

X = f{S, Cl, T,P,M, .) 

Und» field conditions specific values cannot be substituted readily in the 
for^ii^ equation, but nevertheless, a certain biolo^cal integration of these 
interrdationships is reflected at any one time in the analytis of the plant as a 
whole or of any part of it. The analytical value foimd, when compared to the 
previously established range of critical nutrient concentrations, permits a con- 
clution to be drawn concerning the nutrient status of the plant. When the con- 

* The technique used in these studies was similar to that described in the section on the 
procedure of plant analysis. 
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centration of a nutrient is above the critical range, the supply of the nutrient is 
considered ample at the time of sampling, but when the nutrient concentration is 
at or below the critical range, the supply is inadequate. 

From an inspection of the plant nutrient equation it will be seen that an an¬ 
alysis of the plant gives an integrated value of all the factors that have influenced 
its nutrient content up to the time of sampling. The quantity of a nutrient in 
the plant at any one time depends not only on the supplying power of the soil for 
the nutrient and on the total mass of soil accessible to the root system, but also 
on the factors that influence the growth of the plant. The faster a plant grows 
the greater will be its nutrient requirement ( 3 deld X critical concentration). The 
extent and type of root development will again modify the relationships of nu¬ 
trient supply to growth, and when all these factors are coupled with soil hetero¬ 
geneity, the situation becomes extremely complex. No simple soil analytis can 
predict the outcome of sdl these interrelationsbips, but in contrast, an analyris of 
the plant in conjimction with a comparison to the critical nutrient range permits 
conclusions regarding the nutrient level m the soil. 

FROCEDUBE OF PLANT ANALYSIS 

Since much of the experimental technique discussed in this paper is illustrated 
by data from fertilizer experiments with grapes and from an experiment with 
Marglobe tomatoes grown in cultme solution, these will be described briefly. 

In the field experiments with grapes one series of plots was in northern Cali- 
fomia, in Alexander Valley, near Healdsburg, on Coming gravelly loam; the other 
experiment was in southern California, at Guasti, on Tujunga sand. At Alex¬ 
ander Valley the plots of Petite Sirah grapes (on Rupestiis St. George rootstock) 
were two rows wide and twenty vines long. The plots were separated by a rin^e 
guard row. Eadh treatment (fig. 1) was replicated three times in a systematic 
manner so that a ^ven treatment occurred but once in a block or tier. At 
Guasti, the plots of Mataro grapes consisted of two rows of twenty-seven vines 
each and were separated from adjacent plots by two guard rows. Each fertilizer 
treatment (table 2) was replicated six times so that it occurred at random but 
once in a block. At both locations the untreated soils had approximately the 
aame potassium concentration, as determined by the Neubauer and replaceable 
methods. In all cases the fertilizers were applied to the plots in the bottom of 
plow furrows during January, and the subsequent nunfall was considered ample 
to make the fertilizers effective during the same year. 

The Mai^obe tomato plants were grown in aerated culture solutions (8) by 
the following tedmique: Twelve plants germinated in potassium-free sand were 
transferred at the two-leaf stage to 40-liter tanks. Each tank contained a cul¬ 
ture solution of the following initial compodtion: 0.005 M CaCNOa)}, 0.002 M 
Ca(H4P04)i'H20, 0.0025 M NHiNOs, 0.006 M KHaPO*, 0.002 M MgS04, 2.0 
p.pju. B, 2.0 p.p.m. Mn, 0.2 p.pjn. Tio., 0.08 p.p.m. Cu, and 0.02 p.pjn. Mo. 
In addition to the foregoing salts 1 ml. of 0.5 per cent ferric tartrate per liter of 
culture solution was added as required. The pH values of the solutions were 
adjusted to 4.5 to 6.5 with H^04 when they became hi^er than 6.5. 
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Plants for each harvest vrere divided into three parts; namely, the upper, 
middle, and lower thirds. The middle thirds of the plants were separated into 
blades, rachises plus petioles, and stems. The blades and rachises after separa¬ 
tion were placed into two groups; those with and those without visible potassium- 
deficiency symptoms. Plant material that was not separated was classified 
as residue. The roots were centrifuged to remove excess moisture and then 
dried. All material after being dried was weighed and then ground to pass a 
40-mesh sieve. 


Frequency of sampling 

The number of samples to be collected during the growing season will depend 
largely upon whether the study is to be intensive or extensive. In an intensive 
study it is necessary to take a number of plant tissue samples throughout the 
season in order to follow the nutritional trends taking place in a crop (11, 20). 
When surveying lai^ areas for nutritional deficiencies, one sampling at a suitable 
time may suffice. 

In the preliminary studies with grapes in the Alexander Valley (fig. 1) four 
samples were collected at intervals, starting at approximately blossoming time 
and continuing throu^ to harvest. With frequent sampling it was possible to 
follow closely the changes in potasaum concentration in the leaves. In the plots 
without added potassium the potassium concentration of the leaf petioles de¬ 
creased rapidly to low levels by midsummer and then continued to decrease 
slowly to harvest time. Ihe grape yields from these plots (3.14 tons per acre) 
were dgnificantly less than those from plots fertilized with potassium (3.82 tons 
per acre), and therefore, these potasdum concentrations were considered to be 
cilticd for grape production. 

An inspection of the curves for potassium (fig. 1) indicates that midsummer 
would be a favorable period to take a single sample in order to conduct a survey of 
the potasdum status of grape vines over a laj^ area. Areas found to be low in 
potasdum could be subjected either to farther experimentation, or when sufficient 
information had been obtained, to fertilization with potasdum. For some crops 
under some conditions the deficiency is subject to correction within a short time, 
as was accomplished by Nightingale (14) in his nitrogen applications to pineapple 
plants in the Hawaiian Islands. With perennials, the ^owledge gained one 
season cannot be employed irntil the following year, and the changes in plant 
nutrient concentration and in 3 rields caused by the fertilizer treatment may be 
observed much later. When ihe fertilizers do become effective, however, their 
influence may he observed years later, as at Alexander Valley where potasdum 
applications made in 1935 through 1938 were still effective in 1941 in increadng 
both the potasdum concentrations of the petioles and the yields. 


Sdedion of plant part 

Ihe pfut of the plant selected for analyds diould reflect the general status 
of the plant with respect to the nutrient under condderation. In order to 
accomplish this objective effectively, the part selected must be of a definite 
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physioloipcal age (11, 20), i.e., taken from a definite position on the plant, and 
furthermore, it should be as uniform as posMble, for example, leaf petioles should 
be separated from blades, and stems from leaves. 

In the Alexander Valley plots the importance of separating petioles from blades 
is indicated by a comparison of the changes in potassium concentration for the 
petioles (fig. 1) with those of the corresponding blades (fig. 2). This comparison 
shows that the range of potassium concentrations, as well as the differences in the 



Fia. 1 Fig. 2 Fig. 3 

Fig. 1. Potassium Content of PbtioiiBs op the Fiest “Matukb” Afxcaii Leaves Taken 

FBOM THE FeBTIIiIZER PlOTS OF PeXITE SiBAH GbAPES IN AlEXANSEB VaUiET, 

Califobnia, IN 1940 

N § pound of (NEUl^O^; P = J pound treble superphosphate; K = 1 pound !E^S04 
per vine applied each year from 1935 through 1938. 

The grape yields in tons per acre for 1940 and 1941 were as follows: untreated, 3.10,2.92; 
N, 3.31,3.18; K, 3.87, 3.98; NK, 3.76,3.66; NP, 3.01, 3.29; NPK, 3.83,4.02. The effect of 
potassium on the yields of the K plots represents increases of 25 and 36 per cent over the 
untreated plots in 1940 and 1941 respectively. 

Fig. 2. Potassium Content of Biades of the Fibst “Matubb” Apical Leaves Taken 
FBOM THE Fbbtilizeb Plots OF Petite Sibah Gbapes IN Alekanbeb Vallet, 
Caufobnia, in 1940 Season 
Fertilizer treatments and yields as in fig;ure 1 

Fig. 3. Influence of Time of Qabvbst on Dbt Weight and on the Potassium Con¬ 
centration OF Leaf Blades, Petioles Plus Rachises, Stems, and Boots of 

Tomato Plants 

potastium concentrations caused by the treatments, is much greater for the 
petioles than for the blades. On July 12 the potastium concentration of the 
petioles of the potasdum-treated vines was on the average 4.04 times as great as 
that m the petioles of the untreated vines, whereas for the blades the correspond¬ 
ing figure was 1.34. This difference in sensitivity of the petioles to potasdum 
changes is an obvious advantage m ascertaining tiie potasdum status of grapes. 

It mi^t be assumed from the foregoing observations that the petioles of all 
kinds of plants would be preferable to the blades, but this was found not to be 
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true for tomatoes. In the experiment with Marglobe tomatoes grown in a 
culture solution low in potassium, plants were harvested at weekly intervals. At 
the time of the first harvest, on October 22, no potassium-deficiency symptoms 
wure visible, but a week later the first incipient symptoms were noted, and there¬ 
after the symptoms became more pronoimced with each harvest. The potas¬ 
sium concentrations of the blades, rachises plus petioles, stems, and roots for each 
harvest date are given in figure 3. The rachises plus petioles of these plants, as 
in the grapes, had a greater potassium range than the blades, but the blades in¬ 
dicated the impending potassium defidency earlier than an analysis of the other 
parts of the plant. This is a point of considerable practical importance in 
utilizing the data under field conditions. 

For other nutrients the most favorable part of the plant for analysis must be 
ascertained. Recently the petioles of the most recently “matured” leaves of 
grapes (23) and of sugar beets (24) have been shown to indicate satisfactorily 
by their nitrate content the nitrogen status of these plants. 

Form of comHnaMon of nutrient in the plant 

The form of combination of the nutrient determined analytically offers no 
problem for potassium, since only total potassium is estimated, but for nitrogen 
and phosphorus, it is desirable to differentiate between the combined forms of 
these elements. The nitrate concentration of leaf petioles of grapes (23) and of 
sugar beets (24) has been found, for example, to indicate the nitrogen status of 
these plants better than a determination of the total nitrogen or total soluble or 
insoluble nitrogen. Moreover, impublished data indicate that the phosphates 
extracted by 2 per cent acetic acid from Ladino clover petioles show the phos¬ 
phorus status of the plant better than a determination of the total phosphorus. 

Relation of stage of growth to evaluation of data 

Generally, the earlier in the growing season a nutrient deficiency occurs, and 
the longer it lasts, the greater is the likelihood of a significant fertilizer response. 
In the experiment with grapes in Alexander Vallej’^ the potassium concentrations 
of the leaf petioles attained a low level in midsummer (fig. 1), w^hereas at Guasti 
the potassium concentrations did not reach a deficiency level until harvest time 
(table 2) (22). Vines showing an early deficiency responded to potassium 
whereas those showing a deficiency later in the season did not. 

The difference in potassium response at Alexander Valley and at Guasti sets 
forth an interesting comparison of plant analyses and soil analyses. Siuce the 
replaceable and Neubauer potassiiun concentrations of the soil at the two loca¬ 
tions vrere similar, the vines at both places should have responded similarly to po¬ 
tassium application. Experiments showed, however, that the responses were 
different. In contrast to the soil analyses, the plant analyses indicated correctly 
the potassium status of the vines at the two locations. 

Nutrient concentration and yields 

Yields do not continue to increase indefinitely' with increasing nutrient con¬ 
centration in the plant, but do so only' when the nutrient concentration is in the 
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deficiency range. In this range an increase in the concentration of the nutrient 
will result in an increase in yield in comparison with the yield of plants with a 
lower nutrient concentration. When the concentration of a nutrient is above the 
critical range, then one of the many factors given in the plant nutrient equation 
would limit growth, and accordingly, no correlation between the nutrient concen- 
centration and the yields should be expected. Absorption of luxury amoimts of 
a nutrient would disturb still more the correlations between yields and nutrient 
concentrations in the plant, when the latter are above the critical range. 

TABLE 2 


Potassium concentration of leaf 'petioles contrasted with grape yields in 1941 from Mataro vines 
on Tujunga sand at Guasti^ California 


TBEATICEIITS’*' 

X IN SEIIOLES 

YIELD EER ACES 

May 28 

July 11 

Sept. 20 

Sept. 21 


per cent 


percent 

tons 

Untreated. 

2.73 


0.37 

2.83 

N. 

3.24 


0.44 

3.89 

P. 

2.53 


0.37 

2.59 

NP. 

3.10 


0.47 

3.80 

K. 

2.80 

1.56 

0.47 

2.57 

NK. 


1.75 

0.54 

3.57 

NPK. 

3.03 

1.80 

0.54 

3.72 

Significant difference at the 5 per 
cent point. 

0.78 

0.17 

0.09 

0.75 


* N = 1 pound (NH 4 ) 2 S 04 ; P = J pound treble superphosphate; K = 1 pound KsS 04 per 
vine applied each year from 1939 through 1941. 


Sampling technique 

The procedure adopted for collecting plant samples from a field will modify 
the estimate of a critical level set for the crop. If samples are taken only from a 
few plants, or from plants with a visible nutrient deficiency, the appraised con¬ 
centration of the deficient nutrient will be lower than when plants are collected 
from a large area. The larger the area from which the plant sample is taken, the 
greater is the likelihood of collecting material representing an average stage of 
deficiency. In a field with 60 per cent of the plants at the deficiency level, the 
remaining plants may increase the nutrient concentration of the composite 
sample above the critical range. Under these conditions it may be necessary 
either to take more samples over smaller areas or to raise the value considered as 
critical when employed as a basis to indicate a field that would respond as a 
whole to the application of the deficient element. 

Nutrient balance 

An important consideration in the successful production of crops of hi^ 
quality is an understanding of the nutrient balance within the plant. It may not 
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suffice to have each nutrient above the critical level, but in addition it may be 
necessary to have definite relationships between the nutrients and the products 
synthesized by the plant. These relationships will vary with climate and with 
the part of the plant harvested. When crops are harvested for their fruit, the 
balance of carbohydrates and nitrogen may be of espedal importance, as Ni^t- 
ingale (14) has recently demonstrated witii nitrogen for the pineapple plant. For 
some crops a hi^ phosphate or potastium level may be necessary during or prior 
to the formation of fruit, or during certain periods of vegetative growth. These 
hi^er levels of nutrition may be essential to hi^ quality. 

PracHcal applicaMons of plant arudyais 

Some of the interesting uses to which plant tissue analysis may be put are in 
locating field fertilizer esqieriments efficiently and in si^gesting fertilizer prac¬ 
tices. Large areas may be surveyed intensively at low cost during the most 
critical period in the growth of crops. Areas found to be low in potassium, for 
example, could ether be sampled more carefully or be used immediately as loca¬ 
tions for fertilizer experiments in order to ascertain the responses made by the 
crop to the application of potassium to the soil. Inthisway, only the most likdy 
areas would be subjected to the much more expentive and time-consuming pro¬ 
cedure of field experimentation. After the r^ponses to fertilizers have been 
demonstrated in the field, plant analysis alone may serve as an aid to mstlriTig 
fertilizer recommendations for crops. 

8T71IMABY 

The concentration of a nutrient in the plant as a whole or in any part of it is a 
function of soil, climate, plant, time, management, and possibly other factors. 

At any one time a chemical analysis of the plant or part of the plant gives an 
integrated value of all the factors that have influenced its nutrient composition. 
By comparing the nutrient changes taking place during tire development of the 
crop with previously establitiied critical levels, the nutrient status of the plant 
may be ascertained. Plants witii nutrient concentrations above the 
values may be contidered adequately supplied at that moment, whereas plants 
with values within the critical range may be considered inadequately supplied. 
Hie longer a deficiency persists, and the earlier during the growth cycle it occsurs, 
tile greater is the likdihood of a response upon the application of the tiAfiniftTit , 
nutrient. 

of 

tion of nutrients in the plant. This accounts for the frequent failute of soil 
analysis to serve as a satisfactory guide for fertilizer practices. 

Hie practical applicsation of plant anal 3 rtis as a diagnostic procedure rests es- 
smtially upon the reliability of the critical nutrient levds. The varia¬ 

tions found in the critical potastium concmtrations of appropriate plant tissues 
&ve hope that useful intapretations may be 


An mspecstion of the plant nutrient equation indicates that the suppl 3 nng power 
the soil for a nutrient is just one of the many factors affecting the concentra- 
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The sensitivity of plant tests depends upon the part of the plant analyzed, the 
particular fraction of the nutrient detemoined (e.g., nitrate or organic nitrogen, 
inorganic or organic phosphorus) and the position on the plant from which the 
sample is selected. 
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Many fertilizer experiments have been handicapped or have failed to give 
true information because experimenters assumed that the growing crop was 
adequately supplied with a particular nutrient element. This assumption was 
strengthened if the nutrient had been added to the soil as a fertilizer in amoimts 
assumed to be adequate. Mere addition to the soil is no assurance, however, 
that the nutrient is effectively entering the plant. Since only the nutrient that 
enters the plant is effective in feeding the crop, it is most important to know 
whether or not the plant is absorbing the nutrient. The failure of the plant to 
obtain the nutrient may depend upon many factors, such as too high placement 
of the fertilizer for the roots in drought periods, movement of the nutrient to 
the surface out of reach of the roots, leaching, fixation, poor root development or 
deficient aeration, and toxic root zones. 

Many fertilizer experiments conducted to determine the crop response to a 
particular nutrient element have resulted in no increase in yield even though it 
was reasonable to believe that the soil was deficient in this element. In such 
experiments the effects of the other nutrient elements have presumably been 
eliminated by their addition as constants or by the thought that they were 
adequate in the soil. Since no response was obtained from the particular element 
being studied, the conclusion has unfortunately often been drawn that the ele¬ 
ment was not needed. It is in such instances that some information on the 
nutritional status inside the growing plant becomes most hdpful. 

PURDUE PLANT-JTISSUE TEST METHOD 

It is possible to determine, with the Purdue plant-tissue test method (2,4,8), 
the nutritional status of a crop with respect to nitrate, inorganic phosphate, and 
potassium at any stage of growth. This technique has certain practical advan¬ 
tages and has served as a valuable diagnostic aid in evaluating the various soil 
treatments in the current fertilizer experiments in Indiana. Modifications in 
experimental work to eliminate some fxmdamental faults are being made as a 
result of information obtained with this procedure. The details of making the 
tests and the chemical solutions used have been described by Thornton, Connor, 
and Fraser (8). The use of this test in determining fertilizer needs has been 
described further by Scarseth (4). 

The value of the Purdue tissue test as a diagnostic aid depends on the common 

^ Journal Paper No. 46, Purdue University Agricultural Experiment Station, Lafayette, 
Indiana. 
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sense of the operator in making a logical interpretation of the results. He is 
compelled to abandon preconceived notions and must accept the facts presented by 
unalterable chemical reactions. The following analogy may help to make clearer 
the concept the operator must have to interpret the results from the tissue tests: 

If a machine in a factory is to operate at its full capacity, all the conveyors bringing in the 
raw materials must be running full. The supply of these materials in the stock piles must 
be adequate to keep each conveyor filled. Whenever a particular conveyor starts to run 
thin, it means that the supply in the stock pile of that material is low and the production of 
the machine must slow down to the rate of the intake of the element present in the least 
amoimt. The slow-down in production is the first response to a scanty supply of any of the 
necessary raw materials, because the quality of the finished product must be upheld to a 
certain standard. If, however, operations must proceed on a very deficient supply of a 
particular material, there is grave danger that the quality must also be sacrificed along with 
the reduced production. 

A factory superintendent will keep an alert eye on the conveyors to see that they are 
always running full. He notes that when the rate of production slows down as a result 
of a scanty supply of material on one of the conveyors, the other raw materials tend to 
accumulate in unused forms on their conveyors in front of the machine. He is not fooled 
into thinking such a situation represents an over-supply of these materials in the stock piles. 

This analogy becomes a reality when certain words are substituted. The 
cells in the plant become the machine where the manufacturing takes place; the 
nitrates, phosphates, potassium, and other nutrient ions are the raw materials; 
and the conducting tissues (xylem tubes) become the conveyors. 

In making a rapid chemical determination of the contents of the plant tissues 
with the Purdue plant-tissue test method, the operator is, in fact, looking at the 
conveyors in the plant to observe whether plenty of such essential nutrients as 
nitrates, inorganic phosphates, and potassium are entering the plant and passing 
on to the points needed. This test indicates the presence or absence of these 
nutrients in the conducting tissues of the plant in soluble, unassimilated form. 

When the intent is to ascertain the first limiting nutrient growth factor it 
seems important to differentiate between nutrients that have been assimilated 
and those that are imassimilated and still in the role of a raw material.^ 

It is for this reason the conveyor-ti^e parts are cut instead of cru^ed or 
ground. The test does not show nutrients that have been assimilated into 
organic compounds. In these respects the Purdue method differs markedly 
from tissue tests in which the material is ground and emulsified, as in the Hester 
method (1); or in which analyses are made of the total contents of the nutrients 
in a part of the plant, as in Thomas and Mack’s foliar diagnosis method (5,6,7); 
or in which small amounts of ash are analyzed by the spectrographic method of 
Lundegardh (3). 

* The “assimilation” of potassium is not imderstood. A freshly cut plant that shows no 
potassium present by the tissue test method but contains potassium as shown by ash 
analysis may show a '^gh” test by the tissue test method after the plant is dried. Potas¬ 
sium will leach out of dried hay, but not out of the hay before it is dried. This indicates 
that the i>otassium is held by some form of adsorption in the living protoplasm. 
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OBJECTIVES OE DIFFBBBNT PLANT-USStiE TESTS 

The Hester plaat-tissue test is a relatively rapid laboratory method and has 
an important advantage in being quantitative. In the foliar Hia gnnais method 
of Thomas or in the spectiographic method, a quantitative laboratory analysis is 
involved. These methods are rdatively long but invaluable in precision re¬ 
search. In the practical diagnosis of nutritional problems with growing crops, 
however, the semiquantitative results obtained with the Purdue method are 
most hdpful because of ibe rapidity and ease of testing. 

NECESSITT POE DIAGNOSTIC POINT OP VIBW 

Whenever a crop falls below its optimum, the question arises: What is the 
factor or factors holding back performance? The diagnostician will examine 
all possible causes of trouble. How add is the soil? Is it too add for the crop 
or for legume bacteria? Is the addity great enough to cause toxic mnounts of 
soluble aluminum? Is the aeration so poor that it causes anerobic decomposi¬ 
tion and the formation of toxic ferrous iron or HgS, or the loss of nitrogen by 
dentrification? Has the soil a cropping history of depletion, or has manure, 
crop reddues, or fertilizers been used? If so, to what extent and what kinds? 
How much com, wheat, potatoes, soybeans, cotton, sugar beets, or other crops 
did the soil produce in past years? Do tiiese yields reflect a high or a low state 
of fertility? What are the characteristics of the soil? Is it so low in organic 
matter that nitrogen may be one of the first limiting factors? Is it so dark 
colored or muddike that K 2 O may be the first limiting factor? The diagnosti- 
dan may test the soil for so-called available nutrients. These tests, he recognizes, 
have limitations, but they add information. 

On growing crops, the diagnostician looks for nutrient-defidenqr i^ymptoms. 
These are another guide, but they are not alwas^s condusive, because internal 
nutrient situations may change as the plants devdop or as the rainfall varies. 
He then goes a step further and analyzes the plants. A quantitative test of the 
tissues is desired in some instances, but in the practical diagnostic approach, 
the semiquantitative test is adequate, because the question is whether there is an 
abundance or an absence of soluble nutrients in the plant conve 3 rors at the 
time of testing. 

The tissue test wiU indicate a nutrient defidency before the plants show the 
starvation eymptoms. 

Since the plant is a dynamic system growing out of an equally dynamic soil, 
where conditions of nutrition vary within the plant with the stage of growth, 
root development, and formation of the seed or fruiting body, and within the 
soil with moisture, fertilizer placement, aeration (oxidation and reduction), 
organic content (energy for microorpinisms), temperature, and other factors, 
it is easy to see that variations in the soluble nutrients in a plant as it grows are 
to be espected. This complexity of conditions has discouraged some from 
attempting to make tissue tests. Neverthdess, if the nutritional status within 
the plant is determined frequently during the growing period, one gathers the 
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infonnation regarding the factors of nutrition that are limiting at any particu¬ 
lar period. 

It has been said, “Here is a field that reflects low nitrate in one plant, low 
phosphate in another, and perhaps low potash in stiU another; therefore the 
tests are no good.” In such a case the true situation is that the fidd is very 
deficient in all three nutrients, and the variations in tissue-test results are reflect¬ 
ing the true variation in the soil and in the plants. It must be realised that the 
Ussue test indicates only what element is the first limiting nutrient growth factor 
at the time of the test. 

A plant physiologist realizes that a plant is not uniform throu^out its tis¬ 
sues in nitrates, phosphates, and potassium. On what tissue, therefore, should 
the best be made? 

A plant so abundantly supplied with nutrients that more nutrients would 
not affect growth, would show a “high” test in any of its tissues. 

As the supply of nutrients falls off, the lower part of the plant will become 
deficient in phosphate and potassium before the growing tissues in the upper part 
of the plant are deficient. Such a plant may be producing an acceptable 3 ridd, 
but this will not be so high as it would be if all parts of the plant gave a hi^ 
test throu^out the growing period. This occurs without exception on Adds 
of hi^-yidding com. 

As the supply of nitrates decreases, the upper part of the plant, where TnayiTmim 
utilization is in progress, will show a low test for nitrates first. Nitrates may 
show “high” in the base of the plant stalk after the upper plant parts show “low.” 
Such a plant may be growing acceptably well and diow no nitrogen-starvation 
symptoms, but may be slightly handicapped in its growth because of a dight 
shortage. If the base of the stalk diows no nitrates, the plant is starving for 
nitrogen. The base of the stalk may show the presence of nitrates in the early 
morning but none later in the day when nitrogen metabolism has caused the 
plant to use the nitrates as fast as they enter. Such a plant needs more nitrogen. 

These variations indicate the need for some consideration, during interpre¬ 
tations of the tests, of the changing dtuations involved. 

Investigators of soil fertility have not made as fast progress as possible because 
the “why of things” or the “how” and “wlyr” of all the factors functioning in 
the performances of a growing crop have not always been given due considera¬ 
tion. In studying the nutritional status of crops, whether in fidds, greenhouses, 
gardens, or flower pots, the investigator following a diagnostic procedure finds 
it necessary to examine and wdgh all known factors before drawing conclusions. 
&ce the supplies of nitrates, inorganic pho^hatcs, and potadi are the critical 
factors most frequently encountered, the diagnostician has gained mnnh when 
the guesting about thdr adequacy is eliminated. 

VALUE OP PLANT-nsSUB TESTS IN PEBTEUTT BBSBABCH 

Pngress in fertility research is serioudy handicapped as long as investigators 
are satisfied to ignore or to guess at the nutritional status within the growing 
crop. It would be a fallacy to argue that a technique exists that answers all 
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the nutritional questions; yet when the tissue-test method can indicate a “low” 
or “high” supply or a state of balance of nitrate, phosphate, or potash at an 
early stage of the plant growth, or throughout its growing period, it seems only 
common sense to consider such information valuable. 

A typical case history is given in table 1 to show how the tissue tests aid in 
studying old fertility experiments. 

One of the permanent general fertility experiments maintained by the Purdue Experi¬ 
ment Station has been running continuously since 1919. This field at Huntington, Indiana, 
includes a comparison of various sources of phosphates for crop production. Inasmuch as 

TABLE 1 

Plant-tissue tests as an aid in the study of long-time fertility experiments in which various 

phosphate carriers are compared 

Tests made on com at early tasseling stage, July 18,1941, at Huntington, Indiana; data by 

M. T. mturn 


PLOT 

tseatuent* 

PLANT-TISSUE TESTS 

AVEEAGE 

yield 

PER ACES 

1919-1940 

1941 

YIELD 



Potash 






bu. 

hu. 

1 

None 

High 

Very low 

Very low 

36.1 

26.8 

3 

BS 

High 

Low 

Very low 

38.4 

45.1 

4 

SP 

High 

Low 

Very low 

37.6 

49.3 

6 

RP 

High 

Low 

Very low 

34.2 

43.7 

7 

L-hBS 

High 

Very low 

Very low 

39.1 

45.1 

8 

L + SP 

High 

Very high 

Very low 

39.3 

36.6 

9 

L-hRP 

High 

High 

Very low 

37.5 

35.2 

20 

L Res. SP 

High 

Low 

Very low 

44.8 

54.9 

21 

L Res. PK 

High 

Medium 

Low 

45.7 

56.3 


* BS » 200 pounds of 18 per cent basic slag per acre on corn and wheat. 

SP = ISO pounds of 20 per cent superphosphate per acre on com and wheat. 

RP » 480 pounds of 30 per cent rock phosphate per acre on com and wheat. 

L =2 tons of ground limestone per acre applied in 1919. ^ 

Res. B Cornstalks and straw returned to the land. 

PK = 300 poimds of 0-12-4 per acre on corn and wheat. 

these phosphate plots were laid out at a time when it was believed that the soil could supply 
adequate quantities of potassium for normal plant growth, potash was not included in the 
treatments. 

The results of the tissue tests, given in table 1, show that on the plots where various 
carriers of phosphates have been compared, potash has been the first limiting factor in the 
growth of com. The yields of these plots have, therefore, been a function of the available 
potash instead of phosphorus, and the results obtained from the different phosphates are 
misleading. Plot 21, which had received some potash, was not receiving enough to supply 
the plants adequately. 

As a result of these tissue tests the potash deficiency has been corrected by adequate 
additions of KCl; in the future, therefore, the yields will be a function of the phosphates 
used, and a true comparison of the different forms of phosphates will be obtained. 
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In Teceat invest^ations at Purdue much progress has been made in finding 
effective means of fertilizing com directly on ImpoverMied soils. A typical 
case history that illustrates this is presented in table 2. 

Attention is directed to the following points brought out in table 2: 

1. Phosphate was adequate in all plots; without the tissue tests, one would not be sure on 
this point. 

2. In group I, the lissue tests show that nitrogen is the first limiting element, but as the 
rate of application of nitrogen is increased, potassium becomes limiting. Without the 
tissue tests, one might assume that the larger nitrogen treatments were not very effective. 

TABLE 2 

Correlation of plant-tissue tests with rates of nitrogen and potassium fertilization treatments 

and yields of com 

Data by H. L. Cook, on Crosby silt loam, Lafayette, Indiana, 1940 


GSOCP 

KO. 

PXOT 

ICATEBIALS VLOWED 
tlMDER FEE ACB£* 

YIEISFEK 

ACRE 

INCREASE 
ABOVE 
XRZAT- 
WSST It 

1 FLAKT-TZSStlE TBST^ 

July 10 ] 

August 1 

Nt 


N 

B 

K 

N 

p 

£ 


■ 


lbs. 

bu. 

bu. 










0 

29.5 


0 

H 

H 

0 

H 

M 

I 

mm 


0 

36.3 

6.8 

M 

H 

M 

0 

H 

L 


B 


0 

49.4 

19.9 

H 

H 

L 

M 

H 

0 


il 

84 

0 

52.8 

23.3 

H 

H 

0 

H 

H 

0 


11 

0 

50 

30.8 

1.3 

0 

H 

H 

0 

H 

H 

II 

5 

21 

50 

49.4 

19.9 

L 

H 

H 

0 

H 

H 


7 

42 

50 

56.2 

26.1 

H 

H 

H 

0 

H 

M 


« 1 

84 ! 

50 

68.1 

38.6 

H 

H 

H 

H 

H 

M 


12 

0 

100 

33.8 

4.3 1 

0 

H 

H 

0 

H 

H 

III 

6 

21 

100 

50.1 

20.6 

L 

H 

H 

0 

H 

H 


8 

42 

100 

59.3 

29.8 

H 

H 

H 

0 

H 

1 H 


10 1 

84 

100 

71.8 

42.3 

H 

H 

H 

M 

H 

1 H 


* All plots received 300 pounds/acre of 0-16-4 in the fall at planting time. 

t N was in form of calcium cyanamid. Similar data are available with N in the form of 
ammonium sulfate. 

t ^gnificant difference 3.2 bushels/acre. 

§ 0, none; L, low; M, medium; H, high. Tests are an average of six plants from each of 
five replicates. 

3. In group II, where 100 pounds of muriate of potash was plowed under with the nitro¬ 
gen, it is apparent that nitrogen has become the limiting element except at the higher rates, 
where the adequacy of potash had become doubtful by August 1. 

4. In Group III, where200 pounds of muriate was used, the potash test shows an adequate 
supply and the yidds then become a function of the nitrogen application. Here it is inter¬ 
esting to note that nitrogen had become limiting by August 1 and that higher rates of 
application probably would have produced additional com. 

Tbe puipose of the research repr^ented by table 2 was to find first, if possible, 
the boundaries of the nutritional factors necessary to produce an acceptaUe crop 
yield. The needs of the growing plant, regardless of treatment costs, were the 
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prime factors considered. To this end the plant-tissue technique was used. 
Some limitations in the experiments were exposed each season by these tissue 
tests, and corrections could be made for the next experiments. It was found 
that many assumptions, even old standard practices, were not measuring up to 
the requirements of the plants. 

For example, during the 1940 season the plomng down of a phosphate fertilizer was 
compared with a similar application of phosphate in the row at planting time. In both 
cases the nitrogen and potash were plowed under. The season was characterized by a 
prolonged drought during July and August. Although the com on the plowed-under 
fertilizer plot started slowly, it appeared more vigorous throughout the later part of the 
growing season. Plant-tissue tests were made on the com plants the first week of August. 

Exposure of a profile across the com rows showed that very few active roots were in the 
very dry soil in which the row fertilizer was placed. On the other hand, there was an 
abimdant growth of live roots in the moist soil at plow depth in which the plowed-under 
phosphate was placed. In this instance, the plant-tissue test aided in diagnosing the 
role of fertilizer placement in plant nutrition. Thou|^ the final 3 delds showed that the 

TABLE 3 


PlanUiisBue tests as an aid in studying phosphette fertilizer placement for com 
Data by A. J. Ohlrogge, on Crosby tilt loam, Lafayette, Indiana, 1940 



phosphate placed in the row was not so elective as that plowed under, one would be inclined 
to assume that 120 pounds of PsOs per acre applied in the row would be more than enough 
phosphate for the com. The tissue tests showed, however, that the plants were not getting 
it from the dry soil. 

More rapid progress was made in the experiments by defining the nutritional 
boundaries involved, and much time in the annual replication of these experi¬ 
ments has been eliminated. With the optimum rate of nutrient supply and the 
method of placement accurately bounded, the next phase of the research was 
possible, that is, to find the most economical way to meet these requirements 
for the crops grown under specific soil conditions. This is bdng done in experi¬ 
ments that have been conducted the last 4 years in which heavy applications 
of fertilizers have been used to obtain the lowest cost units of production. 
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PRACTICAL APPLICATIONS OF POTASSIUM INTERRELATIONSHIPS 

IN SOILS AND PLANTS! 

L. D. BAVER 

North Carolina Agricultural Experiment Stalion 
Beeeived for publication Septembw 10, 1942 

The practical use of potash in crop production depends on the potassium re¬ 
quirement of the specific crop as related to the amount and quality of the product, 
on the ability of the soil to supply potassium to the plant, on the system of farm¬ 
ing, and on the methods of fertilization. In this paper a few pertinent phases of 
the problem are briefly considered. 

POTASSIUM REQUIREMENT OF CROP 

It is a well-known fact that plants differ in their potassium requirements. 
Most root crops, for example, require large amounts of potash for maximum 
development.^ It has also been noted that legumes are more responsive to 
potashthanare grasses. The importance of potash in legume production has been 
evidenced in fertilizer experiments at Purdue University,® in which the addition 
of potash to lime and phosphate or to lime alone increased alfalfa production by 
about 1000 poimds. Results from the North Carolina Piedmont have indicated 
a similar increase in the yield of red clover hay when potash was added to lime 
and phosphate. Cotton is another crop that responds to adequate potash fer¬ 
tilization. This fact is clearly ^own in results obtained at the North Carolina 
Agricultural Experiment Station,^ in which the addition of 60 extra pounds of 
potash increased the yield 445 pounds per acre, the addition of 7| pounds per 
acre to nitrogen and phosphoric acid nearly doubled the yield of seed cotton 
on limed land, and the addition of 45 pounds caused an approximate threefold 
increase. 

Not only is potash essential for increasing yields, but it also plays an im¬ 
portant role in determining crop quality. The experiments with cotton pre¬ 
viously mentioned showed that potassium increases the strength of the fiber and 
produces a higher percentage of lint per seed. Furthermore, experiments with 
flue-cured tobacco at the OxfordBranchStation inNorth Carolina gave the follow¬ 
ing outstanding results: 800 pounds of 5-S-O per acre yidded 763 pounds having a 
value of $71.42, whereas 800 pounds of 6-&-6 yielded 1,196 pounds with a value 
of $191. In the fidd of horticultural crops, nearly everyone is familiar with the 
fact that the desired shape of good grades of sweet potatoes is obtained only in 
the presence of adequate potassium. 

Crops, then, may be divided roughly into various groups with respect to their 

^ Contribution from the North Carolina Agricultural Experiment Station. Published 
with the approval of the director as a Paper of the Journal Series. 

s R. I. Agr. Exp. Sta. Bui. 280, 1941. 

® Purdue Univ. Cir. 242 (Revised): 10, May, 1941. 

^ N. C. Agr. Exp. Sta. Bui. 308 (1937) and 331 (1942). 
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potassium requirements. Legumes, root crops, cotton, tobacco, onions, and 
tomatoes usually give good responses to potash fertilization. Small grains, hay, 
and pasture grasses seem to show the least response to potash. Com occupies an 
intermediate position. These facts must be kept in mind in interpreting the 
technical aspects of potassium-plant interrelationships in terms of practical ap¬ 
plication in the field. 

POTASSIUM-SUPPLYING POWER OP SOILS 

Soil differences are esctremely important in determining the fertilization of any 
crop. Soils vCpTy in their total potassium content, in the amoimt of readily 
available potassium, and in their ability to fix soluble potassium in unavailable 
forms. It is, perhaps, sufficient to show what difference might be expected in the 
pota^ responses of various soils. The work of the Illinois Agricultural Experi¬ 
ment Station is outstanding in this regard.^ For example, com from a rotation 
including com, oats, wheat, and hay has consistently diown larger responses from 
potadi than the small grains and the grasses. These results are very significant. 
Potadi fertilization has varied in its effects from an 18.7-bushel increase per acre 
in com yields on the Ewing field, a gray soil with an impervious noncalcareous 
subsoil, to a 2.9-bushel decrease on the Hartsbmrg field, a dark soil with a heavy 
calcareous subsoil. Moreover, the change in the total digestible nutrients pro¬ 
duced varied from an increase of 640 pounds on the Ewing field to a decrease of 74 
poimds on the Aledo fidd, a dark soil with a heavy noncalcareous subsoil. In 
general, the lower the fertility level of the soil, as shown by the 3delds on the no¬ 
treatment plots, the greater is the response from potash fertilization. There are 
several exceptions, however. For example. Oblong and Lebanon fidds—the 
former soil similar to that of the Ewing field, and the latter a dark soil with a 
heavy, impervious, noncalcareous subsoil—gave the same yidds on the check 
plot, but the former showed a 14.6-bushd increase with potash and the latter only 
0.1 budiel. Also, comparison of the results from the Unionville and Dixon 
fidds—the former, a yellowish gray soil with an impervious noncalcareous sub¬ 
soil, and the latter a dark soil with an open noncalcareous subsoil—show that 
about the same increase in com yields per acre was obtained with potash fer¬ 
tilization. The fertility level of the Dixon field, as evidenced by check-plot 
yields, was nearly four times that of the Unionville field. It is obvious, therefore, 
that differences in soils together with differences in crop requirements make it 
necessary to give considerable thought to the practical aspects of potash fer¬ 
tilization. 


FARM MANAGEMENT SYSTEMS 

The use of potash must be considered in relation to the ^tem of farming and 
the management of the land. Even though crops vary in their needs for po¬ 
tassium, the use of potash on a particular crop must be considered in relation to 
previous crops and prior treatment of the soil. One cannot intdligently fertilize 


» m. Agr. Exp. Sta. Bui. 425, 1936. 
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a crop per se. One must fertilize in a cropping system. This means the use of 
potadi along with other nutrients, lime, and green manure crops. L^umes in 
the rotation may have several effects on the potatii fertilization of the succeeding 
crops. In the first place, it has been tiiown that turning under large quantities 
of legumes may cause a disturbance of the potassium-nitrogen relationships whidi 
will result in decreased yidds of the succeeding crops. This effect has been ob¬ 
served rather widely throughout the com bdt where sweet dover has been used as 
a green manure crop. A typical example of these effects is given in table 1. In 
a 2-year rotation of com, wheat (sweet clover), the sweet clover plot yddded 23.5 
bushels more com per acre than the check plot the first year of the experiment. 
This differential decreased to 14.8 budiels for the second com crop. After the 
third crop of sweet clover had been turned imder, the yidds were 21 bushels less 
than those on the check plot. The com showed visible signs of potadi defi- 

TABLE 1 


Effect of legvme crops on potassium-nitrogen rdationships* 


YEAX 

YIELD OF COEN PER ACRE 

No treatment 

Manure 

Street clover 


bu. 

bu. 

bu. 

1924 

47.3 

61.3 

70.8 

1926 

47.2 

62.3 

62.0 

1928 

64.8 

63.0 

43.8 

1930 

13.8 

11.2 

11.7 

1932 

44.4 

56.5 

45.5 

1938t 

34.7 (34.0)t 

43.6 (46.9) 

47.7 (69.4) 

1940 , 

29.5 (30.7) 

40.0 (44.9) 

66.2 (66.8) 


* Sanborn field data, thiougb courtesy of Missouri Agricultural Experiment Station, 
t Drought in 1934 and 1936 caused complete failure of com crop, 
i Figures in parentheses are iddds obtained with 400 pounds 0-12-12. 


ciencies, with excesdve lodging. After 1932, the exp^imental arrangement was 
dianged to indude a 400-pound application of 0-12-12 to one half of each of the 
plots. Yidds on the ferialized half of the sweet dover plot approximated those 
of the first two com years of the experiment. 

The growing of l^umes and the cutting of the entire crop for hay may result in 
large potash removals from the soil, which will accentuate the potash needs of the 
succeeding crop. This is espedally tme of tiiose l^ume crops that do not leave 
an extensive root system in the sod. Soybeans, for example, may be either sod- 
conserving, if the entire crop is turned under, or sod-depleting, if the crop is 
removed for hay. This is tme also for cowpeas and to a certain extent for 
lespedeza. E^)eriments at the North Carolina Station have shown that lower 
yidds of com are obtained following lespedeza or soybeans out for hay than &om 
IftuH not seeded to these l^umes. Ce^ain areas in North Carolina that have 
been growing lespedeza as a hay crop for many years are showing severe potadi 
HAfidftTidftg - One of the outstanding examples of potadi removal by l^umes is 
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with the peanut crop. 'When peanuts are harvested, the entire plant, including 
the tops, nuts, and roots, is removed from the soil. A peld of 2,000 pounds of 
nuts and 4,000 pounds of hay removes about 108 pounds of KaO from the soil. 
The nuts remove nutrients equivalent to 175 pounds of an 0-8-12 fertalizer; the 
hay and nuts tether remove nutrients equivalent to 300 pounds of an 0-8-34. 
Thus, the peanut is seen to be a severe sod-depleting crop. Crops following 
peanuts—generally com or cotton—are usually poor, and e3q)eriments have 
shown that extra pota& fertilization is essential. To illustrate these difficulties 
more clearly, a 4-8-4 fertilizer is commonly used for cotton in the North Caro¬ 
lina Coastal Plain. The pota^ removed from the soil by the peanut crop de¬ 
scribed above is equivalent to that carried in 2,575 pounds of a 4r-8-4 fer¬ 
tilizer. 

Calcium-potassium relationships are extremely important in crop production. 
Liming may have various effects on potash fertilization. In general, on soils 

TABLE 2 


Average loss of exchangeable potassium from the surface 4 inches of Creedtnoor coarse sandy 
loam between Xovember 8,1940, and January 10,1941* 


SOIL pH 

BASE SATDXATION 

EXCHANGEABLC POTASSimi 


1 per cent 

Per cent 

4.8S 

1 28 

70 

5.08 

37 

61 

5.30 

40 

49 

5.63 

[ 50 

26 

6.32 

65 

24 

7.03 1 

1 

16 


* Data from outdoor pot studies at the North Carolina Agricultural Experiment Sta¬ 
tion; rainfall 6.2 inches. 


that have low potasaum reserves, liming increases the need for potash. This is 
particularly true where legumes are grown. A typical example of the effect of 
lime on the returns from potash is found in data obtained on a Piedmont soil in 
North Carolina,® on which the rotation w’as cotton, com, wheat, red clover. 
These data disclose that liming decreased the cotton jnelds on those plots where 
the potassium level was low. On plots -where the potassium level with respect to 
phosphoms was higher, the cotton yields were increased by liming . It is signif¬ 
icant that the clover yields were relatively large on all the limed plots. Un¬ 
doubtedly, the removal of potash from the soil by the hay crop has been re¬ 
sponsible in large measure for tire decreased cotton yields. Otlier caldum-po- 
tasdum relationships are also involved. The net result, however, has been to 
increase the potash needs of cotton and com by -the use of lime and legnmea in the 
rotation. 

Other experimental evidence in North Carolina on the fertilization of peanuts 


• N. C. Agr. Exp. Sta. Bui. 331. 
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indicates that the effects of potash are determined primarily by the ealmnm and 
magnesium present. Shdling percentages and oil content seem to be correlated 
with the correct balance between these two nutrients. 

L imin g the rotation pla 3 rs another important role in pota^ relationi^ps. 
Experiments on sandy tobacco soils have ^own that loss of potassium is de¬ 
termined to a great extent by the d^ree of base saturation. The more acid the 
soil and the lower the d^ree of base saturation, the greater is the removal of 
exdiangeable potassium by leaching. These results are given in table 2. It is 
seen that 70 per cent of the available potastium was lost from this soil at a 
pH of 4.83 and 28 per cent base saturation. At the neutral point, with 72 per 
cent saturation, only 16 per cent of the potash was lost. Field results con&m 
these data from outdoor pot experiments. The practical significance of these 
findings is extremely important in tobacco production. Tobacco is generally 
grown on nonlimed soils. Most of the potash is applied prior to planting. Ex- 
cestive rains imdoubtedly remove considerable quantities of the applied potatii. 
Consequently, insufi^cient potash may be present tmder these conditions to 
produce the desired quality in filue-cured tobacco. 

METHODS OF FESTIIilZATION 

A knowledge of the needs of the crop, an analysis of the potash status of the 
soil, and consideration of the system of farming may indicate that a certain 
amount of pota^ is necessary for maximum results. The question of the method 
of application, however, must also be taken into consideration. If the soil is 
sandy and if the conventional method of placing fertilizer in the row is practiced, 
then excess soluble salts may definitdy injure the stand. This is particularly true 
with tobacco, cotton, and peanuts. 

Experimental results and experiences of farmers have indicated that applica¬ 
tions of fertilizer in the row on the sandy soils of the Coastal Plaux ^ould be 
limited to a maximum of 6 per cent EaO to prevent risk of injury to the crop. 
This effect is associated with the ready solubility of potash salts. Several prac¬ 
tical solutions to these difficulties have been worked out. The experiment sta¬ 
tions have demonstrated the value of side placement to overcome stand injury 
and to increase the efficiencjr of the applied fertilizers. Suitable equipment has 
been devised to obtain good side placement. The use of such machines, how¬ 
ever, is rather limited at the present. Farmers are using side-dressings to supply 
the extra pota^. Such tide-dressings may be muriate of potatii, a split applica¬ 
tion of the same fertilizer applied in the row, or a specially prepared tide-dressing 
containing nitrogen and potash, or perhaps nitrogen, phosphoric acid, and po¬ 
tatii. The rapid mobility of potastium from the surface to the root zone makes 
such a practice very satisfactory. 

More research is needed on the advisability of appl 3 dng potatii fertilizers to the 
soil when it is plowed. It would seem that the success of such a method would 
be rtiated to the type of soil, the type of crop being turned under, and the tsrpe of 
crop to be planted. 
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CONCLUSIONS 

In conclusion, it should be reemphasized that plant-potassium and soil-po¬ 
tassium interrelationships have concrete practical application to the problems of 
agriculture. For most efficient crop production, technical knowledge must be 
tied in with a thorough understanding of the crop, the soil, the farming system, 
and the method of fertilizing. 
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Soil structure, solubility of minerals, growth of microflora, adsorption of 
minerals by plants, and many other phj'sical, chemical, and biological processes 
are known to be affected by the acidity or alkalinity of the soil system. Soil re¬ 
action studies, therefore, are of major interest to soil investigators. 

The soil is a heterogeneous mass, varying in composition from place to place, 
and is affected variably by an uneven distribution of plant roots, microflora, and 
other organic materials. Environmental factors such as temperature, moisture, 
and air are also variable with respect to both time and space within the soil mass. 
Soil reaction, therefore, is not a constant property of any soil but a function of 
many factors. The degree of change in reaction at any point within the soil is 
dependent upon the buffer capacity of the compounds inherent in the soil mass as 
well as upon changes in the emdronment. 

Because the soil reaction in the immediate vicinity of the plant roots is Ukely 
of greatest importance to plant growth, an ultimate goal of soil reaction studies 
probably should be the determination of pH at the plant-root and soil contacts. 
Because of variations of CO 2 pressure with position along the plant-root ^stem 
and with time of day or other growth conditions of the plant, the pH at these con¬ 
tact points probably is not constant. It would be necessary, therefore, to e3q)ress 
the pH of the sj'stem either as numerous individual data representing many con¬ 
tact points or as a continuous function of the CO 2 pressure within the limits 
found in the soil. If it is to be expressed as a function of the CO 2 pressure, then 
the same result as measuring pH at the root contacts should be accomplished by 
equilibrating soil samples with various pressures of CO 2 and determining the pH 
of the systems. The extreme limits of the CO 2 pressure should lie between the 
partial pressure due to CO 2 in the air above the soil and an atmosphere of CO 2 . 

Since carbon dioxide, bases, and water are always present in natural soils, it is 
convenient to consider the soil as a simple case of a ternary system, base-C02- 
H 2 O. All three components can vary from low to rather hi^ levels, depending 
upon the soil, climate, and other conditions. Equilibrium in carbonate [^sterns 
cannot exist unless all three components are constant. These being constant, 
the ratios among CO“, HCOi’, and H 2 CO 3 are constant, and the pH is constant. 
A change in environment of a soil, especially in the soil atmosphere, easily can 
change the proportions of the components. If the soil is disturbed by sampling, 
a subsequent analysis of the disturbed soil ^stem for bases, carbonates, bi¬ 
carbonates, or hydrogen-ion concentration ■will not reflect the levels of these 
constituents in the undisturbed soil. 

These components in a large mass of soil may never be at one equilibrium, but 
there may be innumerable loci of near-equilibria, all of which are different. Held 
soils in situ probably have, not a single hydrogen-ion concentration, but a series 
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of concentrations depending upon the base-C 02 -H 20 system in a particular spot. 
If the predominating base is CaCOs, as is the case in calcareous soils, then the pH 
at any CO 2 pressure mi^t be expected to be about the same as the pH of a 
CaCOs suspension. The presence of MgCOs, Xa 2 C 03 , or other bases, a veiy 
low base content, the type of clay minerals, or organic matter naturally would 
result in different pH values. 

Many studies have been made of the effects of carbon dioxide,.water, and other 
factors on soil reaction (1,2,4,8,9,12,13,14,15,16,17,20). Simmons (19) and 
Bradfield (3) have studied a clay-CaC 03 -C 0 irH 20 system, but few attempts have 

TABLE 1 


CarloTiate content, moisture equivalent, and normal field capacity of some soils from 

western stales 


SOIL 

COs 

T-Tirg 

ICOISTOKE 

EQUIVA- 

Lsm 

NOSICAL 

mxD 

CAPACITY 


percent 

percent 

percent 

percent 

1. Slick spot, Montrose, Colo.*. 

10.97 

24.93 

28.33 

30.00 

2, Weld series, northern Colo.f. 

0.50 

1.15 

21.39 

25.21 

3. Neville series, northern Colo.f. 

0.03 

0.07 

23.84 

28.24 

4. Terry series, northern Colo.f. 

0.02 

0.04 

12.08 

20.^ 

5. Fort Collins series, northern Colo.f . 

1.59 

3.61 

21.49 

24.37 

6. Cass clay, northern Colo.f. 

0.93 

2.16 

31.31 

32.16 

7. Mohave soil, Arizonaf. 

4.10 

9.32 


32.50 

8. Gila soil, Arizona*. 

1.83 

4.17 


32.50 

9. Kearney plot soil, San Joaquin Valley, Calif.* .. 

0.21 

0.48 


20.00 

10. Same as 9, after reclamationf. 

0.02 

0.05 


17.50 

11. Arizona soil, series not knownf. 

0.16 

0.37 


35.00 

12. Utah soil, 2^ inchesf. 

14.89 

33.85 


45.00 

13. Beiihoud series, northern Colo.f. 

0.75 

1.71 

22.15 

33.33 

14. Baca County subsoil, southeastern Colo.f. 

0.02 

0.05 

15.24 

21.76 

15. Alpine meadow, Estes Park, Colo.f. 

0.02 

0.05 

18.90 

27.06 

16. Johnstown terrace soil, northern Colo.f. 

1.79 

4.07 

20.09 

27.03 

17. Phosphorus-deficient soil, northern Colo.f. 

2.22 

5.05 

15.86 

25.04 

18. White alkali soil, northern Colo.f. 

3.01 

6.84 

24.53 

31.87 


* Black alkali soils—calcareous, 
t Calcareous soils—Na low. 

{ Do not effervesce with dilute acid. 


been made to determine quantitatively the effect of water content and the carbon 
dioxide concentration on soil reaction in natural soils. This paper is a report of 
a study of pH changes as a result of changes in carbon dioxide pressure and soil- 
water ratio. 

UATEBIALS AXD METHODS 

Twenty-three soil samples and samples of calcium and ma^eaum carbonate 
were studied in the experiments. Table 1 ©ves the source of 18 of the samples, 
thar carbonate content, the moisture equivalent, and the normal field capacity 
(18). Samples 1 to 6 and 13 to 18 are from Colorado, and Ramples 7 to 12 are 
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from other western states.^ In addition, Baker’s C.P. calcium and ma^esium 
carbonates were studied. 

All pH measurements were made with the Beckman pH meter, employing the 
regular Beckman internal glass electrode assembly, the Beckman industrial ex¬ 
ternal glass electrodes, or specially constructed external glass electrodes. The 
specially constructed electrodes were 8 inches lon^ and of small diameter so that 
they could be insei'ted into large test tubes through holes in a stopper. For soils 
at low moisture, the method of pH determination described by Haas (6) was fol¬ 
lowed. A constant temperature of 25“ C. was maintained throughout the 
experiments. 

The gas mixtures containing various concentrations of CO 2 were prepared in 
the early experiments by the method proposed by Johnston and Walker (10). 
Though the mixtures were approximately constant in composition, some vari¬ 
ability occurred from day to day. In later experiments, the gas mixtures were 
prepared by pasang known amounts of COs into the tank of an air compressor, of 
the type used in gasoline service stations, which was then filled with air to the 
desired pressure. At the rate of use in these experiments, the tank held sufficient 
gas to last for 6 to 7 days. The gas mixtures in either case were analyzed daily 
and the CO 2 pressures calculated (10). Constant flow of the gas mixtures 
throu^ the soil samples was obtained by first passing the gas throu^ a flowmeter 
with a stopcock on the exit side (10). 

Soil suspensions having soil to water ratios of 1 to 2,1 to 5, and 1 to 10 were 
prepared. These were equilibrated at 25“ C. with air containing various propor¬ 
tions of CO 2 . A continuous stream of the mixed gas was bubbled through dis¬ 
tilled water to saturate it and then throu^ the soil suspensions. Batteries of six 
aerators in series were used at a time. The gas was analyzed daily for 003 , and 
the results were corrected for the water vapor pressure and head of water above 
the gas outlets in tihie soil suspension tubes. While the gas was bubbling throu^ 
the suspenidons, the pH of each was determined daily by inserting suitable elec¬ 
trodes. Equilibrium was reached in 2 to 3 days with the hi^ COs pressures, and 
after 5 to 7 days with the lower pressures. Identical pH readings on two consecu¬ 
tive days were taken as the criteria of equilibrium. 

BESUin?S 

The effect of COs pressure on the pH of the systems COrCaCOs-HsO and CO*- 
MgCOj-HsO is ^own in figure 1. The curve for CaCO* includes values calcu¬ 
lated from the data of Frear and Johnston (5) as well as from direct pH determin¬ 
ations. Reference to the original data of EVear and Johnston and of Kline (11) 
will show the variations in cation and anion concentrations for CaCOs and MgCOi 
systems as the COs pressure varies. The equation of Simmons (19), pH = pKi 
—0.6 \/a( + log (HCOjT) — log (HsCOs), when applied to the data of Frear and 
Johnston gave pH values agreeing closely with the observed value ^own in 

^ These six soils were obtained through the courtesy of W. T. McGeorge, of the Univerrily 
of Arizona, and are from a group of soils used in a study of the technique of pH determina¬ 
tion by McGeorge and Martin (15). 
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figure 1. The same equation applied to the MgCOs data of Kline did not agree 
with the observed value shown in the table. Therefore, onlj’* the obser\’ed 
values for INIgCOs are shown. 

Data showing the effect of variations in water content and CO 2 pressure for 18 
soils are given in table 2. In figui-e 2, the pH values of six of the soils, of MgCOa, 
and of CaCOs have been plotted against atmospheres CO 2 . The curves differ 
more in their position on the pH scale than in shape. A striking feature of all 
the cimns is the rapid drop in pH for small changes in CO 2 at low pressures. 



LOG ATMOSPHERES' COc 

Fig. 1. The pH op Calcium and Magnesium Carbonate Suspensions Plotted 
Against the Log of CO2 Fbessubb 

The equation given by Simmons (19), pH = pKi — 0.5 VJi + log (HCOD — log (HjCO»). 
and the data of Frear and Johnston (5), were used to determine the computed CaCOs curve. 
Ky in the equation, is the dissociation constant.of the first hydrogen of HsCOs and /i is the 
ionic strength of the sj^stem. An adequate theoretical formula for computing the MgCOs 
curve from the data of Kline (11) was not available. 

The greatest reduction occurs below 3 per cent CO 2 . The pH change above 
0.03 atmosphere is very gradual. Carbon dioxide pressures above 0.03 atmos¬ 
phere cause an acid reaction in all Xa 2 C 03 -free soils studied. Considerably lower 
CO 2 pressures than this produced an acid reaction in the noncalcareous soils. 
The effectiveness of CO 2 over the lower pressure range in reducing the pH of soils 
is evident from the curves. The data probably explain the low pH values often 
observed in calcareous soils when the measurements are made in situ (7). The 
similarity between the soil curves and the calcium and ma gnfiain m carbonate 
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TABLE 2 


Effect of COt on pE of soil suspensions 


SOILNUBIBEB 

1 son. TO 2 WATER 

1 SOIL TO 5 WATER 

1 son. TO 10 WATER 


atmospheres 

pu 

atmospheres 

pH 

atmospheres 

pE 

1 

.00025 

9.03 

.00025 

9.00 

.00025 

8.90 


.00042 

8.93 


8.85 

.00042 

8.63 


.01409 

7.90 

.01409 

7.66 

.01405 

7.60 


.02914 

7.53 






.09687 

7.06 






.77893 

6.40 

.76826 

6.38 

.76826 

6.28 

2 

.00034 

8.37 

.00037 

8.08 

.00039 

7.92 


.02914 

7.01 






.09687 

6.65 






.77893 

6.08 

.76679 

5.94 

.76761 

5.88 

3 

00034 

6,88 






.02914 

6.28 






09687 

6.00 






.77893 

5.70 




.... 

4 

.00034 

8.06 

.00037 

7.29 

.00039 

7.21 


02914 

6.77 






09687 

6.38 






.77893 

5.71 

.76679 

5.37 

.76751 

5.08 

5 

.00025 

8.20 

.00037 

8.03 

.00039 

7.90 


.00042 

8.11 

.00042 

7.98 

.00042 

7.96 


00070 

8.03 






.00519 

7.36 






.02914 

7.00 






.09687 

6.61 






.77893 

6.04 

.76679 

5.92 

.76751 

5.83 

6 

.00070 

7.88 





.00519 

7.43 






.09687 

6.70 






.77893 

6.13 


.... 


.... 

7 

.00031 

8.30 






.00062 

8.12 







7.98 







7.43 






11259 

6.66 






76780 

6.13 






.77278 

6.11 


.... 


.... 

8 

.00030 

9.20 

.00030 

9.03 

.00030 

8.90 


00062 

8.96 






.01300 

7.86 

.01300 

7.62 

.01300 

7.52 


05372 

7.42 






.11259 

7.09 


.... 
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TABLE 2-(C(mdud6d) 


SOILNmiBES 

1 SOIL TO 2 WAXES 

1 son. TO 5 WAXES 

1 SOIL TO 10 WAXES 


atmospheres 

pH 

atmospheres 

PS 

atmospheres 

ps 

16 

.00029 

8.30 

.00039 

8.20 




.00030 

8.20 

.00037 

8.00 

.00039 

7.88 


.00070 

8.09 






.02453 

7.08 






.10938 

6.69 






.76883 

6.15 

.76883 

6.09 

.76883 

6.07 


.77273 

6.11 



.76751 

5.91 

17 

.00029 







.02453 







.10938 

6.75 






.77273 

6.14 


.... 



18 

.00029 

8.22 






.00030 

8.22 






.00067 

8.21 






.01300 

7.29 






.02453 

7.32 






.10938 

6.98 






.76365 

6.31 






.77278 

6.35 






ounces is evident. The calcareous soils with KajCOj, the moderately or highly 
calcareous soils without NajCOi, and the slightly calcareous or acid soils, how¬ 
ever, seem to fall into three distinct families of curves, similar in shape but •with 
somewhat different positions on the pH scale. The NaaCOs soils are highest on 
the pH scale and have the steepest slopes. The calcareous soils without NasCO* 
are intermediate. The MgCOs lies much hi^er than any of the soils studied and 
suggests that MgCOs soils might form a fourth family of curves with a high pH. 

When the pH data from table 2 are plotted against the logarithm of the at¬ 
mospheres COs, as shown in figure 3, a straight line is obtained for each soil when 
the ratio of soil to water is held constant. From these data it is evident that two 
carefully determined points for each soil are sufi^cient to plot a curve showing the 
effect of CO2 pressure on the pH of the system at constant moisture in the mois¬ 
ture range studied. Figure 3 shows the curves for the 18 soils. The curves of 
the computed (5,19) and the experimentally determined pH values for CaCO* 
at three dilutions and of the experimental values for MgCOs, at correspondk^ 
dilutions, plotted against the logarithms of the COs pressures (fig. 1), indicate 
that the pH of the pure carbonate suspensions depends upon the COs pressure 
and is not appreciably affected by dilution. The same fact is shown more clearly 
in figure 4. 

The effect of dilution of soil S 3 ratem£i •with •water is more complicated than that 
of dilution of pure carbonate systems. At higher dilutions, the solid phase of 
some compounds in the soil Qnstem may disappear or the base-exchange status 
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may change, causing a change in pH, which would not occur in a pure carbonate 
system with an excess of solid phase. The pH of some of the soils was definitely 
lowered at constant CO 2 pressure bj" increasing the dilution. This fact is shown 
by the data in table 2. The data on the effect of dilution, however, cover only 
the range between 200 and 1,000 per cent water and furnish no infoimation in the 
low moisture range. 

The task of equilibrating a soil sj^stem with CO 2 is much more easily accom¬ 
plished in suspensions of soil in water than in moist soil, but information regarding 



Fig. 2. Effect of Incbeasing COj Pressure on the pH op Calchtm and 
Magnesium Carbonates and Six Soils 
The numbers on the graph refer to the soil numbers in table 1 

the effect of CO 2 pressure on pH in the moist soils is of more importance to agri¬ 
culture. The possibility of extrapolating the data obtained from suspensions to 
moist soils was, therefore, investigated, 

Enou^ CO 2 is absorbed by air-dry soil samples to affect the pH appreciably 
when the soils are brought into suspension in water. By comparing the pH of 
suspension of soils in GOg-free water with curs.’^es showing the pH as a function of 
CO 2 pressure at the same dilution, it is possible to calculate the amount of CO 2 in 
the sample. For example, if 

pH = 6 log CO 2 + k 
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where 6 is the regression coefficient and k a constant, by substituting an experi¬ 
mentally determined pH value for the same soil at the same dilution into the 
equation, the COs pressure can be calculated. Following this reasoning, samples 
of the 18 soils described in table 1 were treated with distilled water and the pH 
values determined at the four dilutions, as shown in table 3. The COj pressure 
at 200 i)er cent water (1 to 2 dilution) was then calculated from the equation of 
cur\'es in figure 3 (pH = 6 log COs + k). On the basis of the assumption that 
the COs pressure varied inverselj’’ with the dilution, the pressures at the moisture 
equivalent, at 500 per cent water, and at 1,000 per cent water were also calcu¬ 
lated. These values were then substituted into the equations and the corre- 

TABLE 3 


Observed and calculated pH values of soils at various soil to water ratios 


SOIL NUMBER 

MOISTUKE EQUIVALENT 

1-2 DILUTION 

1-5 DILUTION 

1-10 DILUTION 

r * 

escalated 

pH 

Observed 

pH 

Observed 

and 

calculated 

pH 

Calculated 




1 

9.19 


9.9 

10.20 

10.2 

10.43 

10.7 

.928 

2 

7.44 


8.1 

8.37 

8.2 

8.58 

8.5 

.927 

3 

6.27 


6.6 

6.74 

6.6 

6.85 

7.0 

.937 

4 

6.75 


7.6 

7.88 

7.7 

8.09 

7.9 

.991 

5 

7.10 

7.6 

7.7 

7.95 

8.1 

8.13 

8.5 

.866 

6 

7.54 


8.0 

8.23 

8.2 

8.45 

8.4 

.994 

7 

7.69 

mSM 

8.2 

8.44 

8.3 

8.65 

... 

.973 

8 

9.63 

10.0 

10.3 

10.64 

10.5 

10.89 


.985 

9 

9.51 

9.9 

10.2 

10.47 

10.4 

10.68 


.979 

10 

7.09 

7.6 

7.9 

8.21 

8.1 

8.45 


.977 

11 

7.80 

7.8 

8.3 

8.58 

8.4 

8.79 

... 

.973 

12 

7.53 

7.6 

7.9 

8.13 

8.1 

8.30 


.680 

13 

7.44 

7.8 

8.0 

8.23 

8.2 

8.41 

8.4 

.894 

14 

6.51 

6.7 

7.1 

7.30 

Ha 

7.47 

7.5 

.936 

15 

6.62 

6.5 

7.0 

7.15 

wsm 

7.26 

7.2 

.994 

16 

7.26 

7.6 

7.9 

8.15 

8.2 

8.35 j 

8.6 1 

.941 

17 

7.36 

7.8 

8.0 

8.23 

8.2 

8.41 1 

8.5 

.918 

18 

7.62 

8.0 

8.1 

8.32 

8.2 

8.49 1 

8.4 

.908 


* The coefficient of correlation between the calculated and the observed pH for each soil. 


sponding pH values obtained. These computed results are shown in table 3, to¬ 
gether with the correlation coefficients between the computed and the observed 
values. The observed and the calculated results do not agree perfectly, though 
the agreemmit is close. In most cases the computed results are too low at the 
moisture equivalent. 

It is evident that this method of extrapolation does not take into account the 
effect of dilution on any constituents, except COi, affecting pH. For that reason, 
the computed and the experimental curves could not be expected to fit perfectly. 
With the hope of gettii^ a better fit, equations involving pH changes due to 
change in both COs pressure and dilution of other soil constituents were derived 
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from the data in table 2. The equations, which were of the form, H = 6 log 
CO 2 + C log H 2 O + k, failed to fit the experimental data as well as the first 
equation. The correlation coefficients between the computed and the observed 
pH values for soils 1, 2,4, and 6 were .93, .61, —.91, and .92, respectively. For 

T.4BLE 4 


pff Values of soil under varying conditions 


son. SAHFLE AMD DEPIH 

1 

UOZSIUKE 

IN 

SAMPLE 

2 

son. IN 

SCIU 

3 

SAME AS 2, 
EXCEPT 
EVACUATED 
FOE 17 
MODES 

4 

SAME AS 2, 
BUT 

DILUTED 
» TO 1-2 

I 

1 

5 

sons 

OVEN-DEZED 

AND 

BEOUGMT TO 

CASAIOTV 

6 

SAME AS 5. 
BDTAFEEE 
50 DAYS IN 
mumxdhv 

BOX 


percent 

PE 

pE 

1 pE 

pE 

PH 

West Fann, Colo. Exp. Sta., 3 inch 







* depth. 



7.80 

8.02 

7.42 

7.37 

White alkali, N. Colo., B inch depth... 

27.81 

7.60 

8.12 

8.32 

7.75 

7.80 

Rocky Ridge school plot 







3 inch depth. 

10.96 

6.70 

7.40 

8.34 


7.23 

12 inch depth. 

13.05 

6.51 

6.99 


6.97 

7.03 

Havre series,* N. Colo., 3 inch depth.. 

57.33 

7.09 

8.27 

8.29 

8.11 

7.84 

East Farm, Colo. Exp. Sta. 







3 inch depth. 

21.48 

7.20 

7.80 


7.62 

7.60 

12 inch depth. 

19.70 

7.10 

7.81 

8.34 

7.75 

7.38 


* Very high in organic matter. 


TABLES 


Effect of aeration am, j>H of soil 


TIME 

son. OPEN TO AXE 

son. SEALED WITH PAEAPPIN 

days 

pE 

pE 

1 

7,68 

7.70 

2 

7.57 

7.53 

3 

7.59 

7.48 

4 

7.60 

7.42 

5 

7,59 

7.41 

6 

7,62 

7.38 

8 

7,61 

7.30 

9 

7.56 

7.28 

10 

7.52 

7.23 

24 

7.52 

7.21 

24* 

7.60 

7.55 


* Following evacuation for 3 hours. 


soils 1 and 5, where the dilution effect was slight at constant COj pressure, a fair 
fit was obtained, but for soil 4, with a large dilution effect, the observed and the 
computed vidues were natively correlated. The fact that the observed and the 
data fit so well when only the effect of diluting the COj is considered 
indicates that the major effect of dilution in the lower moisture range is due to 
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dilution of the CO 2 present in the sample. Apparently the pH is not a straight- 
line function of the log of the-percentage of water at constant CO 2 pressure over 
the entire range from the moisture equivalent to 1,000 per cent water. ^lore in- 
fonnation is necessar 3 ’ on this phase of the problem. 

The low pH observ'ed in the field in many calcareous soils at low moisture prob¬ 
ably can be explained to a large extent by a hi^ CO 2 pressure. This fact is 
further supported by tables 4,5, and 6. In table 4, column 2, are presented the 
pH values of soils in the field imder normal fidld moisture. In column 3, the 
pH values of samples of these soils, after being removed to the laboratory in a 
closed vessel over water and evacuated for 17 horns, are diown. No appreciable 
change in soil moisture occurred during the process. The rise in pH can be ex¬ 
plained only by the fact that the CO 2 pressui-e was greatly lowered. The pH 
rise after evacuation of air v^aried from 0.48 to 1.18 units. 

In table 5 a moist soil sealed from the air is compared to another sample of th§ 
same soil under the same conditions except that it was exposed to the air. In 24 
days, the sealed soil dropped 0.49 unit compared with a 0.16-unit drop for the 


TABLE 6 

Effect of time of etanding on pH of several soils 
_(1-^ Dilntion)_ 


TZHE 

soix5 

son.1 

S011.4 

SOIL 18 

days 

1 

8.00 

10.08 

8.23 

8.51 

2 

7.72 

9.90 

8.03 

8.40 

3 

7.70 

9.82 

8.00 

8.16 

4 

7.70 

9.49 

7.82 

8.18 

5 

7.64 

9.42 

7.69 

8.13 

6 

7.63 

9.40 

7.65 

8.10 


aerated soil. After the vessel was evacuated and the CO 2 pressure reduced, the 
pH valu® of the two samples were almost identical. Under anaerobic conditions 
organic acids other than carbonic might have been responsible for the lowering of 
the pH, but they would not have been removed by the process of evacuating the 
vessel of gases. 

In table 6 the effect of standing 6 days in suspension is shown for four soils. 
The pH at the end of the period was approximately what it would have been 
after equilibrating xvith the CO 2 of the laboratory air. 

nisoussiox 

Data have been presented which show that variations in carbon dioxide con- 
cmtration in a ^stem consisting of soil, water, and carbon dioxide create com- 
parativdy large changes in hydrogen-ion concentration. In view of the fact 
that under field conditions carbon dioxide and the compoimds formed with soil 
materials and water are always present in the soil solution and that the carbon 
dioxide pressure varies over a wide range in the soU it is evident that pH is far 
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from a constant in the ^stem. Carbon dioxide is, of coui'se, not the only vari¬ 
able factor upon which soil reaction depends, but for any particular soil, carbon 
dioxide and water probably fluctuate more than any otW important variables. 
Variations in water as thej”^ affect the concentration of the soil solution are ob¬ 
viously also a factor affecting pH. The data presented indicate, however, that at 
dilutions ranging between field moistmTe and 10 parts of water to 1 of soil, the 
effect of variation in water is comparativelj' small at constant CO 2 pressures. It 
therefore appears that the major effect of changing the soil-water ratio in pH de¬ 
terminations, using water relatively free from CO 2 , is due to a dilution of the CO 2 
adsorbed by the soil samples. Figures 3 and 4 show that in the presence of an 
excess of solid phase the amount of water did not appreciably affect the pH of 
CaCO* or MgCOj in water at constant CO 2 pressure. In soils (fig. 2) a sli^t re¬ 
duction in pH resulting from dilution at constant CO 2 pressure was observed, 
indicating that the systems were not quite comparable to pure systems of calcium 
and mt^esium carbonates, a result which was to be expected because of the 
mixture of other crystalloidal and colloidal salts. The reduction of pH due to 
dilution, however, was comparatively small with CO 2 constant, and the dilution 
effect evidently was less pronounced as dilution decreased. 

Since pH is a variable function, any single determination can be regarded only 
as a point on a cun-e rather than a constant property' of the soil. Unless the co¬ 
ordinates of the point are known, therefore, any single pH value has little real 
meaning. If, as the data seem to indicate, the effect of variations in CO 2 is large 
in companson with the effect of variations of other factors, then an expression or 
a curve showing the change in pH with 002 should approximately show the 
changes under fidd conditions with changes in CO 2 pressure. If it is assumed 
that the CO 2 pressure might vary between the hmits of the CO 2 pressure in the air 
above the soil and an atmosphere at local points adjacent to the plant roots, a 
curve showing the effect of CO 2 pressure on pH between these limits should be of 
value in classffying the soil with respect to the properties affected by soil reaction. 
Below 1 atmosphere of CO 2 , which is the maximum that could occur in the field, 
pH was found to be approximately a strai^t-line fimction of the log of the CO 2 
pressure at constant moisture. It is ther^ore suggested that instead of ex¬ 
pressing pH of soil as a single value determined under standard conditions, a 
better procedure for many purposes would be to determine two points at known 
CO 2 pressures and express pH in the form of an equation or graphically as a 
curve. For example, the equation showing the pH chax^ with CO 2 pressure at 
1 part soil to 2 parts water for soil 1 (tables 1 and 2) would be pH = —.752 log 
CO 2 + 6.318, when CO 2 is expressed in atmospheres. If the pH under an un¬ 
known CO 2 pressiue is determined, the equation also furnishes a method of calcu¬ 
lating the CO 2 pressure. 

There is also the posdbility of expressing pH as a function of the amount of 
CO 2 added to the sofi S 3 rstem rather than as a function of the CO 2 pressure. Be¬ 
cause of reactions with the soil, the CO 2 pressure is not necessarily proportional to 
the amount added. A study of the effect of the amount of CO 2 added upon pH 
is being made. 
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Deternunatioiis of pH in a suspension of soil in distilled water with a very low 
CO 2 content, because the soil is under a lower CO 2 pressure than is ever found in the 
field, probably would give a much hig her pH for calcareous soils than is ever found 
in the field. For this reason, single pH determinations made under such condi¬ 
tions are limited in usefulness. It is suggested that, for single-value pH de¬ 
terminations, equilibrating the soil with air before the determination would give a 
better value because such a value would approximate the maximum pH of the 
soil under field conditions. Another pH value obtained by equilibrating the 
sample with a stream of pure CO 2 gas would give the approximate min i mu m pH 
value for fidd conditions. Connecting the two points vrould give a curve char¬ 
acteristic of the soil. 

SUMMARY 

A study of the pH of soils as a function of CO 2 pressure and moisture percent¬ 
age has brou^t out the following facts: 

Small changes in CO 2 pressure cause comparatively large changes in pH within the range 
of low CO 2 pressures comparable to those normally found in the soil. 

The pH is approximately a straight-line function of the log of the CO 3 pressure in the 
pressure range from about 0.0003 to 1 atmosphere of CO 2 at constant moisture. 

At constant CO 2 pressure the pH of soil suspensions tends to drop slightly with dilution. 

The rise in pH of soils frequently observed with increasing water content probably is 
due primarily to dilution of the C 02 absorbed in the soil sample. 

The curves showing the effect of variations in CO 2 pressure on pH of the soils studied 
were similar in shape to curves for CaCOs but were affected more by dilution than were the 
curves for calcium or magnesium carbonate. 

Curve positions are changed appreciably on the pH scale by the presence of calcium, 
magnedum, or sodium carbonates. The curves tend to group themselves into families 
depending upon the presence or the absence of one or more of these compounds. 

It is concluded that expressing the pH of soils as variable functions of CO 2 
pressure would give a better indication of the probable pH range in the field in the 
presence of plant roots and decaying organic matter than could be obtained from 
sin^e pH measurements. Since the pH is apparently a straight-line function of 
the log of the CO 2 pressure, two points would be sufficient to determine a curve at 
constant moisture. Whether single determinations or cun^es are to be used in 
expressing pH values, it is evidently necessary to make measurements under 
equilibrium conditions with controlled CO 2 pressure if the results are to be repro¬ 
ducible. Controlling CO 2 pressure by using distilled water treated to remove 
CO 2 in making pH determinations 1ms the disadvantage of producing a CO 2 
pressure lower than would Ukely be found in the field and, therefore, giving pH 
values higher than the maximum under field conditions. 
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It has been long established that agitation of the soil suspension is essential 
with the hydrogen electrode (1,2,3,5,6,7,8). In the use of the glass electrode 
it has usually been assumed that a^tation is not necessary. Soil suspensions 
are merely shaken and poured into the electrode vessel for measurement. This 
assumption is based on the fact that the glass electrode is more sensitive and 
comes to equilibrium much sooner than the hydrogen electrode. The author 
is aware of no experimental tests heretofore on this subject. The purpose of 
this paper is to present data showing the effect of agitation of the soil suspension 
when pH values are measured with the glass electrode. 

MAO^RIALS AND METHODS 

Hydrogen-ion determinations were made on 13 soil profiles, consisting of 57 
horizon samples, with both* the bubbling hydrogen electrode described in a 
previous publication (1) and a quinhydrone glass electrode (4). Though this 
latter type of electrode is now replaced by a permanently sealed glass electrode 
containing silver, silver chloride, or other suitable materials, the necessity for 
agitation of soil suspensions is in no way altered. The soils used were from New 
Jersey and from California and ranged in texture from sand to heavy clay. 
With both methods air-dried soils were used. A soil-water ratio of 1 part of 
soil to 2 parts of distilled water by volume, the most commonly used with the 
hydrogen electrode, was employed. Both the hydrogen electrode and the glass 
electrode were lowered as deeply as possible into the soil suspension without 
danger of breakage from pressure against the bottom of the electrode vessel. 

At first, some of the results obtained by the two methods showed considerable 
disagreement. This was true especially of the lighter textured samples when 
the sou suspension with the glass electrode was merely shaken but not agitated 
during the readiug. In several instances the drift of the potentiometer was so 
rapid that it was difficult to read. Compressed air was then used to agitate the 
soU suspension in the vessel containing the glass electrode. The air was purified 
by running it throu^ a concentrated solution of NaOH to removethe CO 2 , then 
through a saturated H3BO4 solution to remove NH3, and then through distilled 
water to remove the H3BO4 that mi^t be carried over as spray. The vessel 
used was similar to that employed with the bubbhng hydrogen electrode. 

DISCUSSION OF RESULTS 

Table 1 gives the results obtained by the bubbling hydrogen electrode method 
and by the glass electrode with and without agitation. The agreement between 
the bubbling hydrogen electrode method and the compressed air agitated glass 
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TABLE 1 


CompartBon of pH valves of boUb determined with he hydrogen electrode and with the glass 
electrode and the effect of agitation on the glass electrode results 


SAMPLE NO. 

son. TYPE 

DEPIS 

HYDKOGEN 

GLASS ELECTRODE 

EIECTSODE 

AmXAlED 

Agitated 

Non- 

ai^tated 



inches 

pE 

pB 

pH 

C -991 

Gloucester sandy loam* 

0-3 

4.10 

, 4.10 

4.50 

92 


3-0 

4.29 

4.29 

4.77 

93 


9-20 

4.49 

4.49 

5.12 

94 


20-30 

4.63 

4.63 

6.17 

95 


30-50 

5.10 

5.10 

5.27 

96 


50-60 

5.15 

5.15 

5.47 

5786103 

San Joaquin loamf 

0-16 

6.59 

6.63 

6.69 

104 


16-24 

8.10 

8.10 

8.29 

105 


2^34 

7.92 

7.92 

8.20 

106 


34-66 

8.23 

8.23 

8.65 

5786183 

Greenfield sandy loamf 

0-12 

7.03 

6.97 

7.25 

184 


12-40 

7.87 

7.37 

7.83 

185 


40-55 

7.47 

7.42 

8.00 

186 


55-70 

7.60 

7.50 

7.93 

8786142 

Bucor clayt 

0-12 

8.13 

8.09 

8.09 

143 


12-22 

8.13 

8.16 

8.16 

144 


22-34 

8.27 

8.27 

8.27 

145 


34 r 46 

8.29 

8.29 

8.43 

146 


46-60 

8.53 

8.53 

8.79 

5786107 

San Joaquin clay loamf 

0-14 

7.00 

7.00 

7.12 

108 


14 r -21 

7.25 

7.25 

7.50 

109 


21-30 

7.39 

7.39 

8.02 

110 


30-34 

8.15 

8.19 

8.49 

111 


34 r 54 

8.27 

8.27 

8.85 

112 


54-62 

8.43 

8.43 

8.75 

578421 

Sacramento clay adobef 

0-10 1 

5.98 

6.00 

6.00 

22 


10-45 

6.39 

6.40 

6.40 

23 


45-72 

8.00 

8.10 

8.17 

578404 

Oakley sandf 

0-12 

6.32 

6.32 

6.32 

05 


1247 

6.15 

6.23 

6.23 

06 


47-72 

6.25 

6.27 

6.27 

578428 

Marsh Creek clay loamf 

0-10 

6.60 

6.55 

6.55 

29 


10-44 

6.96 

7.00 

7.00 

30 


44-72 

8.12 

8.20 

8.29 

578459 

Lamora loamf 

0-12 


7.13 i 

8.27 

60 


1240 

6.27 

6.27 

6.27 

61 


40-72 

6.52 

6.49 

6.49 
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TABLE X—{C(mclude£) 


SAUPLC NO. 

son. TYPE 

DEPTH 

HYDSOGEN 

ELECISODE 

AGITATED 

GLASS ELECTSODE 

Agitated 

Non- 

agitated 



incites 

pH 

pE 

pE 

578586 

Kaweah clay§ 

0-8 

6.94 

6.93 

7.02 

87 


8-24 

7.29 

7.25 

7.30 

88 


24-28 

7.35 

7.35 

7.42 

89 


28-34 

8.20 

8.20 

8.32 

90 


34 n 58 

8.35 

8.29 

8.43 

578533 

Sau Joaquin loam§ 

0-10 

6.33 

6.35 

6.40 

34 


10-20 

6.43 

6.43 

6.70 

35 


20-38 

7.62 

7.62 

7.92 

36 


38-72 

7.29 

7.25 

7.42 

578565 

Fresno fine sandy laom§ 

0-9 

9.73 

9.73 

9.90 

66 


9-20 

10.20 

10.20 

10.33 

67 


20-30 

9.49 

9.50 

9.59 

68 


30-38 

9.25 

9.30 1 

9.42 

69 


38-48 

9.03 

9.07 

9.22 

578518 

San Joaquin clay loam§ 

0-9 

6.25 

6.32 

7.17 

19 


9-19 

6.59 

6.60 

6.89 

20 


19-27 

6.98 

7.00 

7.17 

21 


27-30 

7.75 

7.83 

8.07 

22 


30-40 

8.02 

8.02 

8.23 

23 


40-80 

7.63 

7.57 

7.62 


* Prom Morris County, New Jersej-. 
t From Pixley area, Califomia. 
t From Contra Costa area, California. 

§ From Visilia area, Califomia. 

electrode method is very close: the results check with every sample to within 
0.1 pH. The results obtained by the glass electrode with and without agitation 
differ much more widely: of the 57 samples, 36 show a value more than 0.1 pH 
higher when the soil suspension was not agitated during the reading than when 
the soil suspension was agitated; 7, a value more than 0.5 pH higher; and 1, a 
value 1.14 pH higher. 

In general, agreement between the agitated and the nonagitated soil suspen¬ 
sions is very good for the clays high in colloidal content but poor for the coarser 
textured soils low in colloids. There are, however, several notable exceptions; 
namely, perfect agreement for the Oakley sand profile from the Contra Costa area 
in Calffomia, and poor agreement for the San Joaquin clay loam profiles from the 
Visilia and Pixley areas, California. The sample showing the greatest divergence 


from the Lamora loam profile from the Contra Costa area, California. Of the six 
other samples that show differences of more than 0.5 pH, two are from clay loam 
profiles and four from sandy loam profiles. In every case where there is a differ- 
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ence between the agitated and the nonagitated suspension, the nonagitated sus¬ 
pension has a higher pH. 


CONCLUSIONS 

Agitation of the soil suspension with the glass electrode is essential for reliable 
results, especially with coarse-textured soils, the particles of which settle out 
quickly. The tendency is to obtain the pH of the soil extract rather than that 
of the soil suspension when agitation is not emplo^’ed. The heavy soils, high in 
colloidal content, tend to show less differences between agitation and nonagita¬ 
tion, because colloids stay in suspension for a relatively long time. There are 
too many exceptions to this rule, however, to vrarrant relying on nonagitation 
for heavy soils. The purpose of agitation is to bring the nonsuspended soil 
particles, as well as the suspended and soluble portions of the soil, into dii-ect 
contact with the electrode so as to obtain the true hydrogen-ion concentration 
of the soil suspension. 
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EXCHANGEABLE CATION STATUS AND STRUCTURE OF PALOUSE 
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Under the influence of certain chemical and physical forces, discrete soil par¬ 
ticles aggregate to form definite units characteristic of their emdi-onments. The 
end product of this process is soil structure. Recent investigations have shown 
that the physical and chemical agents responsible for the formation of structure 
are readily affected by various soil management practices, and these, in turn, 
influence the state and stability of soil structure (1, 5, 6, 9,14). The compara¬ 
tive measurement of the alterations in the forces of attraction among soil par¬ 
ticles thus provides a means for estimating the magnitude of these changes and 
for evaluating the structural effects of the agricultural program. 

In 1921, three series of experimental plots which received different organic 
and inorganic fertilizers under continuous wheat and alternate wheat-fallow 
cropping systems were established on Palouse silty clay loam, a prairie soil 
found in southeastern Washington. Noticeable structural differences soon ap¬ 
peared in the field among the several plots, and at the end of the twentieth year 
it was thought opportune to measure these differences and to ascertain the fac¬ 
tors responsible. 

PHYSICAIi PROCEDUKES 

structure was evaluated by measuring the water stability of the soil aggre¬ 
gates over a size distribution from 4 to 0.005 nun. on the same sample. The 
macroaggregate determinations were patterned after Yoder's method of wet 
sieving (15), and the microaggregate analyses were made vith a Boujmucos 
hydrometer (4). 

Trial deteiminations with several existing vret-sicvmg procedures proved to 
be unsatisfactory, for no method gave consistent replicate agreements within 
10 per cent. In this connection it is important to note that of the many pub¬ 
lished reports on the wet-sieving procedure only one, that by Stauffer et oL, 
(14) indicates the magnitude of the replicate agreement. In this work a dupli¬ 
cate agreement within 10 per cent of the average of the two, equivalent to a 
20 per cent variation, was regarded as adequate. 

1 Published as Scientific Paper No. 538, College of Agriculture and Agricultural Experi¬ 
ment Station, State College of Washington. The data in this paper are taken from a 
thesis submitted by the senior author in partial fulfillment of the requirements for the 
degree of master of science. 

® Former graduate assistant and assistant professor in soils, respectively. The senior 
author is at present junior soil surveyor, U. S. Department of Interior, Soil and Moisture 
Conservation Operation, Indian Service. Acknowledgment is gratefully made by the 
authors to S. C. Vandecaveye for his suggestion of the problem and for his valuable advice 
and assistance in the study reported. 
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Critical points noted during the course of extensive preliminary studies were 
method of taking sample in field; transportation of sample to laboratory; selec¬ 
tion of aggregates to be analyzed, especially with reference to material of a 
definite size range; moisture content of soil at time of analysis; method of weigh¬ 
ing sample and placing it in the sieve nest; and free movement of water through 
the nest during the oscillation period. 

Field samples were taken with a sampling core derigned in accordance with 
the suggestions of XichoLs (11) to minimize compression. M of the analyses 
were made in the range of moisture content of 19 to 24 per cent, for determina¬ 
tions outride this range were found to increase replicate variation. To ensure 
complete freedom of water movement through the nest during the oscillation 


TABLE 1 

TreatmerUs of experimeTiial plots established on Pcdouse silty clay loam 


PLOT 

IXEAT1Q23T 



IbsJA. 

99,199 

100,200 

Check 

fWTieat straw 

2,700 

\So<lium nitrate 

370 

101, 201 

Alfalfa hay 

2,700 

102, 202 

f Wheat straw 

1,350 

\Alfalfa hay 

1,350 

103, 203 

Wheat straw 

2.700 

104, 204 

105,205 ! 

Check 

f Wheat straw 

2,700 

\Sodium nitrate 

370 

106,206 1 

Sodium nitrate 

370 

107, 207 

f Wheat straw 

2,700 

1 \Ammonium sulfate 

286 

108, 20S 

j Farm manure 

12,000 


period, a 100-merii sieve used by many investigators was replaced by a spillway 
sieve, su^.ried by Elson (6). 

No particular anal^diical dfficulties were ej^rienced with the microa^regate 
determinations, which were run on the moist soil material not used in the 
macroaggregate analyses. 

Field samples were taken in the spring of 1941 before plowing, and the anal¬ 
yses were nm over a period of 5 months. No appreciable variation in moisture 
content of the stored samples occurred during this time. The effect of storage 
on aggregation was not rignificant, as revealed by analyses of samples from the 
same plot made at the beginning and at the end of the period. Time of stand¬ 
ing has been shown to have some effect on soil a^regatdon throng microbial 
activity, but this has been demonstrated only with material lacking a definitely 
established structure (10). 

The method finally worked out to give replicate agreement within 5 per cent 
was as follows: 
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Macroaggregate analysis: 

Each plot was sampled in duplicate at three points 25 feet apart by means of a 6-inch 
sampling tube 2 inches in inside diameter, but with the cutting edge swaged to an inside 
diameter of If inches. 

The core samples were placed in air-tight Mason jars and transported to the laboratory. 

Immediately prior to analysis, moisture samples of the soil were taken and the moist 
soil was sieved. Aggregates of the size distribution 1.5 to 1.0 cm. were used. 

After quartering, 50 gm. of these moist aggregates were weighed directly into the 4-mm. 
sieve, while it was suspended from the balance beam by means of battery clamps and string. 
Thus if any aggregate breakdown occurred as a result of handling, the fine material was not 
included in the sample. 



10-15 



1 .42 .26 

Fig . 1 . Nature op Aggregates ( 10 - 15 - mm . Group) Employed in Wet-Sieving Procedure 

AND Typical Distribution and Nature op Aggrega.tes (in Millimeters) Found 

APTER Sieving 

The 4-mm. sieve was then transferred to its proper place in the nest, which consisted of 
six 5-inch wire sieves arranged in the following order. 2-mm. spillway sieve, 4-mm. sieve, 
2-mm. sieve, 1-mm. sieve, 0.42-mm. sieve, and 0.25-mm. sieve. 

After the nest was made water-tight with rubber bands, made from tire tubing, placed 
over the joints between the sieves, it was fitted into position in the washing apparatus. A 
suitable pulley arrangement gave a displacement of 3.15 cm. and 30 vertical oscillatory 
movements a minute. 

Tap water was then added to large cans enveloping the nest, to such a height that it 
barely passed over the top of the 2-mm. spillway sieve at the bottom of the down stroke, thus 
providing continual drainage through the nest. 
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The apparatus was next set in motion for 1 hour, after which the water was siphoned from 
the cans and the sieves w’ere allowed to drain. 

The aggregates retained b 3 ' each sieve ivere quantitatively' transferred to weighed 
hieakers and their weight determined after oven-drjdng at 110°C. The apparatus enabled 
the running of two analyses at the same time. The nature of the aggregates obtained is 
shown in figure 1. 

Microaggregate analysis: 

The moist soil W'as sieved immediately prior to analysis, and the fraction 1.0 to 0.42 mm. 
was used. 

An amount of these moist granules equivalent to 50 gm. of drj' soil was placed 
in a hydrometer cylinder, which was then filled to proper volume and shaken end over end 
20 times. 

Hj^drometer readings were taken at 40 seconds, 17 minutes, and 1 hour; these readings 
made it possible to calculate the following particle size distributions. >0.05 mm., 0.05-0.01 
mm., 0.01-0.005 mm., and <0.005 mm. 

All determinations were run in duplicate on the soil samples from each of the 
thi-ee sampling points. The data for each fraction are expressed in percentages 
of the original sample based on the oven-dry weight. In expressing the results, 
it was not considered necessary' to introduce a correction factor for the unaggre¬ 
gated sand particles retained by the sieves, since 95 per cent of the total sand of 
the samples is very' fine (0.25 to 0.10 nun.) and could not be retained in an unag¬ 
gregated state by' any' of the sieves employ'ed. 

^lechanical analyses were made on all the check plots with a Bouyoucos hy¬ 
drometer to see whether any' appreciable variation in texture existed. 

CHEMICAL PROCEDURES 

Alterations in the cation exchange status of the various plots were investi¬ 
gated on composite samples made from the soil material taken at the throe 
sampling points. The samples were thoroughly' mixed, air-dried, and stored in 
sealed containers. The exchangeable bases were extracted with (CH 3 COO)NH 4 
and the oi^anic matter wns destroy'ed by' HCIO4 and HXO^ treatments. Cal¬ 
cium wns determined volumetricalh' after precipitation as the oxalate; magne¬ 
sium, volume!ricalh' after precipitation as iIgXHiPt> 4 ; sodium, gravimetiically' 
as sodium uranyi acetate; and potassium, volumetrically' after precipitation as 
the cobaltinitrate. 

Exchangeable hy'drogen w'as deteimined by' the (CH 3 COO) 2 Ba method of 
Parker (12) Avith slight modifications. Total exchange capacity' w'as calculated 
from the summation of the exchangeable cations. 

The values for the organic matter contents of the A'arious plots W'ere calculated 
from the data of Holtz and Vandecaveye (7), Avho w'orked on the same plots. 
It was thought that the trends reported by them continued in the same direction. 
These anah'ses Avere made on samples taken in the fall of 1934. For the conA'er- 
sion of their carbon A'alues to percentage organic matter, the standard factor 
1.724 W'as used. 
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RESULTS 

The results of the mechanical analyses of the check plots, presented in table 
2, reveal a slight textural variation among the plots. This is, no doubt, caused 
by a ridge running along plots 99 and 199; in the loessial soils of southeastern 
Washington, such ridges are commonly higher in clay content than is the 
level soil. 

The macroa^*egate and microaggi'egate deteiminations are presented in 
tables 3 and 4 as plot averages from which extreme values and variations due 

TABLE 2 


Mechanical analysis of check plot soils 


SLOT 

SAND 

SILT 

CLAY 


perceni 

percent 

percent 

99 

19.2 

55.6 

25.2 

104 

21.2 

55.2 

23.6 

199 

19.2 

53.2 

27.6 

204 

23.2 

53.2 

23.6 


TABLE 3 


Aggregate analysis of soil from continuous wheat plots of the 100 series* 


KOT 

ICACROAGGSEGATES 

inCKOAGGSEGATES 

1 >4.0 mm. 

2.0 mm. 

1.0 mm. 

0.42 mm. 

0.25 mm. 

<0.25 

mm. 

>0.05 

•mm- 

0.01 mm. 


<0.005 

mm. 



percent 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

99 

11.9 

6.9 

5.8 

23.8 

mm 

38.9 

64.0 

24.0 

4.3 

7.7 

100 

52.0 

6.4 

3.5 

11.8 


21,1 

54.0 

28.8 

7.2 

10.0 

101 

17.3 

5.1 

3.6 

24.7 


35.8 

67.2 

23.4 

3.3 

6-1 

102 

27.0 

5.1 

3.2 

18.6 

12.2 

33.9 

64.9 

24.7 1 

2.8 

7.6 

103 

52.7 

3.8 

1.6 

10.8 

7.7 

23.4 

64.4 

23.6 

4.7 

7.3 

104 

12.6 

5.1 

3.9 

25.9 

12.6 

39.9 

62.7 

25.6 

4.1 

7.6 

105 

31.0 

4.8 1 

3.4 

18.9 


31.7 

60.9 

26.0 

3.9 

9.2 

106 

11.0 

6.2 

4.0 

25.8 

12.3 

40.7 

57.7 

28,7 

4.0 

9.6 

107 

31.8 

4.2 

2.5 

13.8 


37.0 

60.3 

26.7 

2.7 

10,4 

108 

70.9 

2.9 

1.3 

3.5 

1 

m 

16.4 

65.3 

24.1 

4.1 

6.4 


*Plot averages from which extreme values and variations due to natural soil 
heterogeneity have been eliminated. 


to natural soil heterogeneity have been eliminated. Out of a total of 720 mac- 
roaggregate fractions determined, only 15, or 2.08 per cent, failed to agree with 
their replicates within 6 per cent. In such cases the siiigle value most closely 
approaching the other data from the same plot was selected. Variations due 
to natural structural heterogeneity were found to exist in 16 determinations, or 
1.33 per cent, of a total of 1200 macroaggr^ate and microaggregate fractions, 
These values remained out of line during redeterminations that agreed within 
5 per cent. 
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The results show a wide variation in the water stability of the macroaggregates 
among the plots, the significance of which will be discussed later. 

For the microaggregates, the differences tended to disappear. This is to be 
expected in view’ of the fact that the closer the material approached its ultimate 
textural classification, the smaller would the variation among the plots become, 
since these all belong to the same soil type. 

The exchange status and the organic matter contents of the various plots are 
presented in table 5. The use of ammonium sulfate has lowered the degree of 
base saturation of the exchange complex as indicated by the higher exchangeable 
hydrogen content of the plots so treated. This effect was especially marked in 
plot 107 of the continuous wheat series, the xmsaturation in this plot being 29.7 
per cent as compared to an average of 19.6 per cent for all of the plots of the 
continuous wheat series. 


TABLE 4 

Aggregate analysis of soil from alternate wheat plots of the 200 series* 


1CACS0\GGB£G4T£5 | UXCKOAGGRCGATSS 


PX.OX 

1 

j >4.0 mm. 

2 0mm. 1 

1.0 mm. 

1 0.42 mm 

0 25 mm. 

1 

<0 25 1 
j mm 1 

1 >005 

1 mm. 

1 1 

1 0 01 mm , 

0005mm 

1 <0J)05 
mm. 


j percent 

percent , 

1 per cent 

1 percent | 

1 percent 1 

1 percent ^ 

1 percent 

1 percent 

percent 

percent 

199 

1 21.0 1 

1 6.2 

5.1 

J 24.1 1 

' 9.7 

34.2 1 

, 58.5 

1 25.1 

6.0 

10.3 

200 

1 41.1 

6.3 

3.8 

14.6 

5.3 

28.9 , 

, 57.4 

25.1 

6.4 

11.1 

201 

j 57.5 

?.o 

2.0 

' 9.0 

5.5 

13.0 

52.8 

29.8 

7.7 

9.9 

202 

59.3 , 

3.5 

2.7 

‘ 10.3 

! 6.1 

19.0 

57.8 

27.2 

5.6 

9.4 

203 

1 79.3 1 

1.8 

1.2 

5.2 

, 3.5 

9.0 

60.8 

26.3 

4.3 

9.5 

204 

1 33.8 

6.1 

4.1 

17.7 

' 8.5 

36.5 1 

55.8; 

28.0 

6.0 

12.5 

205 

• 49.1 

3.4 ' 

2.3 

10.4 

5.6 

23.1 ! 

57.5 

27.1 

4.7 

11.3 

206 

40.5 

4.1 1 

1 3.1 

12.3 

7.7 

32.3 ! 

46.9 

28.0 

9.3 

15.7 

107 

' 44.4 

. 5.1 1 

I 2.9 

1 14.5 

9.0 1 

1 24.1 1 

53.6 1 

26.0 

8.7 

11.7 

20S 

i 73.7 1 

1 

1 

! 1.3 

1 5.7 

3.8 ‘ 

1 

' 13.3 1 

i 1 

55.6 

26.0 

8.0 

10.4 

1 


* Plot averages from which extreme values and variations due to natural soil hetero¬ 
geneity have been eliminated. 


The complex is dominated by calcium, which satisfied approximately 50 per 
cent of the exchange capacity. The use of ammonium sulfate has caused a loss 
of calcium. Replaceable magnesium showed no appreciable variation either 
within or between the tw’o series. 

The application of sodium nitrate in every case increased the content of ex¬ 
changeable sodium, the greatest increase being shown by the early spring appli¬ 
cation in the 100 series. The exchange complex of the soil material of plot 100 
was about 8 per cent sodium-saturated. This corresponds to a retention by the 
surface soil of 1.35 m.e. per 100 gm,, or 35 per cent of the applied sodium, since 
about 4 m.e. of sodium was added to each 100 gm. of soil over the 20-year period. 

The exchangeable potassium showed greater variation within the series than 
betwreen them. The heavier textured plots along the ridge showed the lowest 
replaceable potassium. 

The average total exchange capacity of the continuously cropped plots was 
1.16 m.e. higher than that of the alternately cropped plots. This correlates 
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with the higher organic matter content of the former, and it is significant to note 
in the average values that the additional exchange positions are approximately 
equivalent to the increment of exchangeable hydrogen. 

The percentage organic matter, as calculated from the data of Holtz and 
Vandecaveye (7), was significantly higher for the continuous than for the sum¬ 
mer-fallow farming system. This is due to the gi-eater quantity of organic 
amendments which the former received as well as to the possible repression of 

TABLE 5 


Cation exchange status and organic matter content of soil from experimental plots 


PLOT 

CJCCEUlNGEABLE cations 

ORGANIC 

UATTRRt 

H 

Ca 

Mg 

Na 

K 

Total 


m.e.* 

«.«.* 


m.e.* 



per cent 

99 

5.13 

12.88 

4.55 

0.59 

0.63 

23.78 

• • . • 

100 

3.63 

11.80 

4.04 

1.94 

0.66 

22.67 

3.24 

101 


12.30 

4.60 

0.58 

0.98 

22.76 

3.45 

102 

4.18 

13.60 

4.70 

0.57 

1.08 

24.13 

3.38 

103 

3.85 

13.30 

4.62 

0.72 

1.44 

23.9S 

3.28 

104 


12.30 

4.20 

0.59 

1.09 

23.98 

3.10 

105 

2.90 

11.35 

4.20 

1.27 

1.54 

21.26 

3.43 

106 

4.75 

11.08 

3.89 

1.02 

0.90 

21.64 

3.42 

107 

6.75 

10.25 

3.64 

0.75 

1.34 

22.73 

3.70 

108 

4.95 

12.20 

4,60 

0.98 

2.05 

24.78 

4.19 

Average,.. 

4.52 

12.11 

4.36 

0.90 

1.17 

23.06 

3.47 

199 

3.50 

14.05 

4.64 

0.71 

0.65 

23.55 


200 

2.65 

13.40 

4.59 

1.00 

0.88 

22.52 

2.93 

201 

3.15 

13.30 

4.90 

mSm 

1.07 

23.15 

3.00 

202 

3.45 

12.75 

4.95 

WSM 

1.14 

23.00 

2.98 

203 

3.25 

12.00 

3.84 

0.74 

1.66 

21.49 

3.07 

204 

3.15 

11.50 

4.40 

0.71 

1,10 

20.86 

3.00 

205 

3.25 

11.30 

4.48 

0.92 

1.24 

21.19 

3.07 

206 

3.83 

11.20 

3.35 

0.98 

1.19 

20.55 

3.07 

207 

3.90 

10.60 

4.90 

0.82 

1.22 

21.44 

3.14 

208 

3.58 

11.40 

3.90 

0.87 

1.46 

21.21 

3.25 

Average... 

3.37 

12.15 

4.40 

0.82 

1.16 

21.90 

3.06 


* Per 100 gm. soil. 

t Calculated from data of Holtz and Vandecaveye (7). 


microbial activity, caused by the absence of an optimum moisture regime in the 
surface soil at a time when the temperature regime is favorable. The manured 
plots are highest in organic matter and it is to be noted that the use of nitrogen 
fertilizers or nitrogen-containing organic materials tended to conserve the soil 
humus. This effect was more st riking for the 100 series than for the 200 series, 
probably because humus decomposition during the fallow period exceeded its 
formation during the 2-year cycle. 
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DISCUSSION 

A comparison of the two cropping systems reveals that the stability of the 
macroa^regates is greater for the 200 series than for the 100 series, but for the 
microa^egates the reverse is true. This fact would seem to indicate that a 
different set of forces is responsible for the stability of each type of a^regate. 

Thou^ the reasons for the difference between the macroa^iegate stability 
of the two series are obscure, several possible causes may be indicated. First, 
the 200 series ■was in crop the pre'vious summer and had not been plowed for 
summer-fallowing at sampling time. The 100 series, on the other hand, had 
been plowed, seeded to fall wheat, and -was supporting a crop. The cropping 
practice immediately prior to sampling undoubtedly affects structure, although 
it is difficult to evaluate the effect quantitatively. Second, differences in the 
character of the tillage operations under the two cropping systems may have 
exerted a strong influence. Thoi^ the operations may be more numerous for 
the alternate series, they are more superficial in character. The number of deep 
plowing operations is greater for the continuously cropped plots. Third, the 
summer-fallow period in the 200 series provides ample opportunity for the 
building of a stable macrostructuie under a moisture regime that is favorable 
for a^regate formation by microbial acti'rity. Fourth, the difference in root 
acti'vity under each system may exert a stroi^ influence. No attempt has been 
made to evaluate the precise effect of each of these factors on the soil material 
of the two plot series. 

The data also indicate that the fortification of straw ■with nitrt^n fertilizers 
or with organic reddues h^ in nitrogen causes a decline in macroa^regate 
stability. This t^dency is most pronounced in the 100 series. Plots that re- 
cmved straw residues supplemented with NaNOs or (NH 4 ) 2 S 04 revealed less 
stability than those recei'ving straw alone. Those recd'ving straw plus alfalfa 
hay showed greater stability than those receiving alfalfa hay alone but less 
stability than those recei'ving straw alone. All plots that received organic ma¬ 
terial were more stable than the checks. Applications of NaNOs alone resulted 
in a decrease in stability to a value below that of the checks. 

The finflings of Holtz and Yandecaveye (7), who worked on the same plots, 
showed that the formation of soil humus is dependent upon the amount of nitro¬ 
gen in the residue. It is also possible that the presence of an ample supply of 
nitrogen may hasten the process of organic matter transformation, r^rffiess of 
whether the oi^anic matter is dissipated as COs or is retained by the soil as 
humus. If this is so, then addition of nitrogen to the strawy residue should 
result in a decrease in the amount of straw fragments and hence a decrease in 
the mechanical binding of which the straw fragments mi^t be capable. Clods 
taken from the various plots of the continuous wheat series (%. 2) tend to sup¬ 
port this explanation. 

In the alternate cropping system, the effect of nitrogen amendments is masked 
by other processes inherent m that s]rstem. During the fallow period sufficient 
nitrogen is made available by microbial activity to take care of the needs of the 
microoiganisms and the growing wheat. Hence the quantities of straw fn^- 



EXCHANGE STATUS AND STRUCTURE OP SOIL 


155 


merits that persist in the soil are relatively small and to a great extent inde¬ 
pendent of the nature of the organic and inorganic treatments. The result is 
that although the level of macroaggregate stability in the 200 series is higher 
than that in the 100 series, the principle of the relation between the sufficiency 
of the nitrogen supply and the aggi*egating power of straw is inapplicable. 

Xo connection was discernible between the exchangeable cations and the 
macrostiTicture. 

The microaggregates respond more directly than the macroaggregates to the 
physicochemical colloidal effects of the treatments. The greater water stability 
of the microaggregates in the 100 series is readily explained on the basis of the 
significantly higher organic matter content of the soil under this cropping sys¬ 
tem, resulting from the greater quantities of organic residues received. The 



Fig. 2. Appe\r\nce of Clods Taken from Plots of the 100 Series 


importance of organic matter in maintaming the stability of soil aggregates has 
been pointed out by other investigators (1, 5, 6, 13). 

WTien the supplemental source of nitrogen is inorganic, complicating cationic 
relationships become involved in the mieroaggregate instability. 

If the percentage of material in the fraction less then 0.005 mm. is used as an 
index of microaggregate instability, the average value of the plots receiving in¬ 
organic nitrogen materials alone or as a supplement was 11.1 per cent, that of 
the check plots was 9.5 per cent, and that of the plots receiving oi'ganic residues 
alone was 8.3 per cent. 

In the absence of investigations on the colloidal beha\ior of Palouse silty clay 
loam under controlled cation conditions, it is difficult to explain the dispersive 
action of (NH 4 ) 2 S 04 . However, the increase in exchangeable hydrogen of the 
plots recehing (NH 4 ) 2 S 04 occurred largely at the expense of calcium, and there 
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is some evidence from studies under regulated cation environments that calcium 
may exert a stronger flocculating power than hydrogen (2, 3). Thus it may be 
possible by the continued use of a physiologically acid fertilizer to cause less 
favorable structural conditions if the exchange complex primarily suffers a loss 
of its calcium in becoming more unsaturated. 

The adverse stmctural effects of the highly hydrated sodium ion, when it is 
present in the clay complex, is well known. ^Mattson (8) has shown that when 




Fig. 3. Appearance of Field Plots op the 100 Series 
A (top): left, plot 99; right, plot 100 
B (bottom). background, plot 107, foreground, plot 106 

approximately 25 per cent of the exchange positions are occupied by Xa in a 
mixed Xa-Ca-system, the colloid assumes appreciably the hydration and swell 
ing characteristics of a Xa-system. Since the maximum degree of Xa-satura- 
tion found in the present study was only 8 per cent, the influence of the Xa ion 
might not be expected to be veiy strongly expressed. Actuall^’^, the puddled 
appearance of the plots in the field indicated that this relatively small degree 
of Xa saturation had modified the physical condition of the soil to a noticeable 
degree. This effect is showm in figure 3, where the plots recei\ing XaXOa appear 
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as light-colored areas, because of the more hi^y reflecting nature of the pud¬ 
dled surface film of soil material. The sldnlike character of this surface is 
apparent on clods 100,105, and 106 in figure 2, where one may also see the vesic¬ 
ular character of the material immediately underlying the puddled suiface. 
Undoubtedly, the impact of rains has been rei^nsible for this puddling, but in 
the present state of Na saturation the puddling action is not transmitted to the 
underl 3 ring material. As a consequence, the striking ph 3 rsical appearance in 
the field, being only superficial in character, was not fully reflected in the physi¬ 
cal anaJsrses in the laboratory, since the latter were carried out with samples 
taken to a depth of 6 inches. 

Further esperiments are being planned to investigate the puddling attributes 
and the effect of the present condition of the plots upon infiltration rates. Yield 
data indicate a stronger tendency for “burning” to occur on the plots receiving 
inorganic nitrogen applications annually. It is possible, if infiltration rates are 
lower on these plots, that the tendency of the nitit^n to cause “burning” is 
being accentuated by a lower moisture content. 

SUMMARY 

An investigation was conducted into the effect of various cropping and fer¬ 
tility practices on the structure and exchange status of Palouse silty clay loam. 
Structure was evaluated by measuring the water stability of the abrogates, a 
wet-sieving procedure being used for the macroaggregates, and the Bouyoucos 
hydrometer for the microaggregates. 

The data indicate that mechanical forces dominate the formation of the larger 
a^regates, whereas phyticochemical colloidal reactions govern the smaller 
granules. Plots cropped annually to wheat were found to possess a less stable 
macrostructure than those alternately cropped and fallowed. The microstruc¬ 
ture of the annually cropped plots, however, appeared to be more stable as a 
result of the presence of more organic colloid. 

Additions of straw and manure resulted in greatest macrostabilily; alfalfa hay 
and straw supplemented with nitogen, in less; and the check plots and the plots 
receiving NaNOt alone, in the least. Microstructure was adversely affected 
when the nitrogen was supplied as NaNOs or (NH4)^04. 
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The recent work of Duley and Russel (2,4,11) has emphasized the importance 
of plant residues left at the surface for soil and water conservation. The resi¬ 
dues retained on the surface of the soil dissipate the energy of the falling rain¬ 
drops, prevent the rapid formation of compact surface layers, retard runoff, 
permit maximum water intake (3), and reduce evaporation and soil erosion. 
The degree to which residues bring about these effects is related to the amount, 
kind, and possibly the state of decomposition of the residues at the surface of 
the soil. In order to evaluate the protection the soil is receiving from residues 
at any specified time, it is important to know the amount of plant materials left 
on the smface of the soil. 

Plant materials are composed of a variety of chemical complexes susceptible 
to attack by microorganisms which use these substances as sources of energj^ 
and for the synthesis of microbial tissue. Upon contact of the plant residue 
with the soil, imder favorable weather and soil conditions, decomposition of the 
organic material by the microorganisms begins. The original quantity of plant 
materials exists for onlj" a brief period after the materials are applied to or left 
in place on the land. 

The amoxmt of residue remaining at BSiy time is inversely related to the mi¬ 
crobial activity", which in turn is governed to a large degree by the extent of 
surface area contact between the soil and the residue and by the resistance to 
microbial enzymes of the undecomposed portion because of its chemical nature. 

Organic matter studies in the past have been largely confined to the estima¬ 
tion of humus in terms of carbon, nitrogen, or oxidfizable materials (14). The 
decayed substance, however, does not give the same type of protection to the 
soil as does the undecomposed plant material. 

In the Great Plains region the humus content of the surface soil may constitute 
4 per cent or more, vrhich would be about 40 tons per acre. The amount of 
wheat straw returned to the soil by general farming practices, where combines 
are used, varies from about 1 to 3 tons per acre. This raw organic matter at 
the time of addition constitutes only approximately 5 per cent of the total or¬ 
ganic substances in the soil. These amounts are hardly measurable by the 
routine methods of analysis. 

^ Cooperative agent (associate bacteriologist), senior soil conservationist, and professor 
of agronomy, respectively. 

* Contribution from the Soil Conservation Service, U. S. Department of Agriculture, 
and the Department of Agronomy, Nebraska Agricultural Experiment Station. Journal 
Series No. 307. 
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HI6T0BICAL 

Some investigators have attempted to determine the undecomposed plant 
material of the soil by chemical means. Robinson and Jones (10) and Jones 
(7) used 6 per cent H 2 O 2 as an oxidizing agent to determine the d^ree of humifi¬ 
cation of plant residues and manures, the assumption being that the weak H 2 O 2 
will oxidize only the humified material. McLean (8) considered the method 
unsatisfactory, because he found that the H 2 O 2 also attacked some of the “struc¬ 
tural oigauic matter.” According to this method, in soils of varying fertility) 
from 50 to 90 per cent of the organic matt^ present was humified. Pallmann and 
Zobrist (9) made the separation based upon nonsolubility of undecomposed ma¬ 
terial in acetyl bromide. Sibirsky (13) used sodium hypochlorite to determine 
the d^ree of humification. The nonhumified plant material such as celluloses, 
hemicelluloses, resins, and waxes remained insoluble in the sodium h 3 rpochlorite. 

Bouyoucos (1) determined the degree of humification by igniting at 310° and 
550°C. both fre^ and decomposed plant materials, and used the difference to 
calculate the extent of decomposition. 

Other investigators have attempted a physical separation of undecomposed 
from decomposed plant residue. FirmeU (5) attempted the measurement of 
raw organic matter by water flotation. A 10-gm. sample of soil was added to 
a test tube of water and shaken. Rings of suspended organic matter were al¬ 
lowed to collect on the walls of the tube as the suspenMon was lowered by inter¬ 
mittently releasing some of the wato: from the tube into a pan of water. The 
material thus collected was weighed and expressed as parts per million of soil 
sample. Only the material that floated was regarded as structural organic 
matter. 

Shively and Weaver (12) used a sieving method for removing plant roots from 
the soil. 

Harris (6) made use of liquids of different density to separate foreign materials 
from foods. 


METHODS 

After testing different methods for the removal of undecayed organic matter 
from the s(^, the following procedure was finally evolved for field s amp lin g and 
laboratory determinations: 


Taking 0 / samples 

The procedure of sampling should vary with conditions. Coarse residues that 
lie wholly on the surface were removed manually from as many as 20 areas, 
dther circular or rectangular, and rangmg in dimensions from 5 inches m dia¬ 
meter to 1 square yard. For determination of finer fr^ments and for residues 
that are more or less buried, the soil was sampled to two depths, 0-4 and 5-8 
inches, with a brass sampling cylinder, usually of 2-inch dimeter. The first 
depth suffices for comparisons where land has been subtilled or disked, but both 
depths are necessary where comparisons involve plowed land- 
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Laboraiory 'procedure 

At the laboratory any coarse material removed from the surface was fii*st 
washed and i*insed free of any adheimg soil on a fine sieve, then oven-dried, 
weighed, and computed to a pound-per-acre basis. The soil samples of each 
depth were composited, air-dried, and gentlj’' pulverized. The entire large 
sample w'as passed through a 3-mm. screen five times to remove the larger 
pieces of plant material. The debris thus removed was washed, dried at 105°C., 
and weighed. The organic matter recovered with this screen represented the 
larger pieces of material from the entii’e sample and could be readily identified 
as undecomposed plant residue. 

After removal of the coame organic material, the soil w’as thoroughly mixed to 
ensure an even distribution of organic particles, and a 20-gm. sample was put 
into a pint milk bottle with 250 ml. of w^ater and 1.0 gm. of sodium oxalate. At 
least triplicate samples were used for each plot treatment. The bottles w’ere 
placed in a horizontal shaker making 1 stroke per second for 10 minutes. A 
4-inch cup with a 0.4-mm. copper screen bottom was placed in a 6-inch pan. The 
contents of the bottle were allowed to settle for a few seconds, and most of the 
liquid w’as decanted into the cup. More water w'as then added, and the con¬ 
tents of the bottle w’ere washed heveral times in order to remove all the organic 
material. As the w^ater rose in the cup and in the pan surrounding it, there was 
no tendency to force pieces of organic matter through the sci*een by the impact 
of the w'ater. The cup w^as moved gently about in the w^ater of the pan so that 
heavy particles of soil w’ould be dislodged from the wire screen. Following this 
operation, the finger tip w’as passed lightly over the material mtained on the 
screen in order to crush any soil aggregates and to detect the presence of small 
rocks or sand grains that might have been poured on the screen. The organic 
matter remaining w’as w^ashed gently with distilled w’ater and dried on the 
screen for a short time at 105°C. This material w’-as transferred to a weighing 
bottle, dried at 105°C. for 12 houi*s, and w^eighed to the nearest milligi-am. 
Microscopic examination of the portion remaining in the milk bottle after 
several decantations showed veiw" little or no organic matter loft. 

The suspension passing through the 0.4-mm. screen, w^hich should not exceed 
800 ml., w'as poured into a glass tube 2 inches in diameter and 2 feet in length, 
as showm in figure 1. A slow- stream of aii’ w'as passed through tube A® so that 
small bubbles passed up through the column of soil suspension. This kept the 
suspension agitated and tended to keep the organic matter mo\ing tow^ard the 
upper part of the liquid and to dislodge any organic matter caught by the falling 
soil particles. The liquid w'as slowly drained through tube D into a beaker. 
As the level of the liquid was low'er'ed, the organic matter particles collected on 
the side of the tube by adhesion. The particles may be made to adhere more 
readily by adding a drop of soap solution to the surface of the liquid in the tube. 

® The opening of tube A on the inside of the stopper was drawn out to a tip bent at a 
right angle and with an opening of about 1 mm. in diameter. The rubber stopper C was 
dressed on a lathe until it was cylindrical and fitted snugly in the tube. 
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After tube B was emptied, stopper C was i-emoved from the tube and washed 
with a little water into the collecting beaker. The bottom end of the tube was 
also washed free of adhering soil. The organic particles adhering to the walls 
of the tube were washed into a clean beaker. The contents of the collecting 
beaker were then I’etumed to the glass tube, and the process was repeated twice. 



Fig. 1 Fig. 2 


Fig . 1. FL0TA.T10X -Apparatus for Separation of Fine Orgamc Matier Frac.ments 

FROM THE Soil 

Fig. 2. Undecayed and Slightly De( ayed Organic Matter Separates from 20 Gm. 

OF Soil 

1. Original soil with plant residues, 2. Plant residues lemoved by dry-screening wdth a 
3-mm. screen (42 mgm.). 3, Fraction obtained by wet-screening \\ith a 0 4-mm. screen 
(67 mgm.). 4. Fine material floated out (14 mgm.I. 

The organic matter particles that had been w^ashecl from the w’alls oi the tube 
were then transferred to a Gooch cmeible with an asbestos pad, dried at 105°C., 
and weighed. The appearance of the three organic matter separates from a soil 
sample taken from a plot treated with a surface application of straw" at the rate 
of 4 tons per acre for a 6-month period is shown in figure 2. 

In some instances it may be desirable to determine only the plant residue ap¬ 
proaching straw’ size. This can be accomplished by making the separation on 
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the dry screen. In others it may be desirable to make two or even all three size 
separations. This will include almost all organic matter fragments down to a 
size approaching that of silt. 


Testing of method 

The variability to be expected of the method is shown by the data in table 1 
with seven replicates. The material caught on the wet screen and that which 
was floated out and caught bj' adhesion to the walls of a glass tube are shown in 
columns 2 and 4. As indicated by the data in table 1, a variation of 5 to 10 
per cent is to be expected. 

Plant material of different size particles that had been removed from a field 
soil was added to 20 gm. of loessial subsoil devoid of plant fragments in the 
following concentrations: 0.1 gm. of the fraction greater than 3 mm., 0.1 gm. 


TABLE 1 

Constancy of results obtained in determination of undeeomposed and finely divided organic 

matter on a single soil* 


TKCAIS 

OSGANIC MATTES DETEBMIMED IN 20-GM. SOIL SAMEIES 

Wet-neved | 

Floated 

<3 - >0.4 mm. 

Deviation 

<0.4 mm. 

Deviation 


gm. 

gm. 

gm. 

gm. 

1 

.062 

.004 

.020 

.004 

2 

.071 

.005 

.017 

.001 

3 

.065 

.001 

.014 

.002 

4 

.065 

.001 

.015 

.001 

5 

.073 

,007 

.015 

.001 

6 

.066 

.000 

.017 

.001 

7 

.060 

.006 

.018 

.002 

Mean. 

.066 


.016 



* The material lai^ than 3 mm. was removed from the entire field sample and weighed. 


of the fraction less than 3 mm. but greater than 0.4 mm., and 0.02 gm. of the 
material less tiian 0.4 mm. These are approximately the proporrions in soil 
under g^eral farming conditions. Of these amoimts, 99.8, 98.1, and 73.9 per 
cent respectively were recovered, or 96.6 per cent of the total material added, 
as shown in table 2. A previous determination of the water-soluble material 
in the straw removed showed that approximately 1 per cent of the material 
was leachable. With fresh straw the water-soluble material was 7.8 i>er cent, 
whereas with straw material over 1 year old this value decreased to less than 1 
per cent. If straw from the outside of a stack over 1 year old and showing 
considerable evidence of decomposirion was shaken vigorously, less than 1 per 
cent of the material was broken up into sizes less than 0.4 mm. 

A smaller percentage of the material less than 0.4 mm. in rize was separated 
from the soil by water flotation than by the other two screening separations. 
The relative proportions of these fractions, as determined 6 months after the 
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plots were treated with 2,4, and 8 tons of straw per acre in the spring, are shown 
in table 3. 

When fresh sawdust was used instead of partly decayed plant material, the 
reco^’ery values were changed somewhat. Sawdust was screened dry to make 
size separations. When it was wetted in the screening operation, it seemed to 
swell, and more of the material was recovered in the upper size groups. Less 
sawdust than other plant material was recovered in the third fraction. The 
total recovery of sawdust of all fractions, however, was about the same as of 

TABLE 2 


Percentages of artificially added plant material recovered from a loessial soil 


IBIALS 

SIZE SANGE 07 SRPAVATE.g 

TOTAL BECOVEEY 07 
AT.T. ICAIEBIAL ADDED 

>3 mm. 

<3->0Amm. 

<0.4 mm. 

1 

95.0 

95.5 

65.1 

92.5 

2 


98.4 

77.4 

97.2 

3 


95.6 

83.6 

96.9 

4 


102.4 

64.3 


5 


98.8 

75.1 

97.4 

6 

100.0 

98.1 

77.9 

97.1 

Mean. 

99.8 

98.1 

73.9 

96.6 


TABLE 3 

Amounts of straw material falling in different size groups after being on the surface of the soil 

for 6 months 

Treatment and results on an acre basis 


SIBAW JUXEUUL IN SDIEXEST SIZE CBOUZS 


SIEAV ISEAIIIEIIT 



^3 mm. 

<3 - >0.4 mm. 

<0.4 nun. 

tons 

lbs. 

lbs. 

lbs. 

0 

167 

1367 

399 

2 

374 

2009 

675 

4 

1013 

3454 

1060 

8 

7418 

3612 

807 

1 


plant material, as shown in table 4. There was 0.8 per cent water-soluble 
material in the sawdust used. 

A series of tests was initiated to compare this method of separation with the 
chromic-acid and ignition methods. The plots sampled for these determinations 
were triplicated and the treatments were as follows: no residue, 2-ton, 4-ton, 
and 8-ton surface applications of straw. The amount of organic matter remain¬ 
ing after 6 months, as indicated by the different methods, is ^own in table 5. 
The fraction of residue greater than 3 mm. was removed from the sample before 
analysis. The amounts of this coarse material foxmd were 167, 374, 1012, and 
7418 pounds per acre for no treatment, 2-ton, 4-ton, and 8-ton surface applica- 
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tions of straw, respectively. The results in table 5 indicate that the increases 
in oi^anic material appear more consist^t and reasonable by this screening 
and flotation method than by either the ignition or the chromic-acid method. 

When this method was compared with that of Finndl (5) for removal of plant 
fragments from three plots receiving a previous surface application of 4 tons of 
straw per acre, 18 determinations gave the mean of 0.095 gm. from a 20-gm. 
sample by wet-screening and flotation, whereas only 0.032 gm., or about one third 
as much, was recovered by the method of Finnell. The individual determina- 

TABLE 4 


Pereeniagei of sateduat fractions recovered from a soil to which Oiey had been artificiaUy added 


TBIALS 

SIZE EAKGE OF SEPABATES 

TOTAL SECOVER\ OF 
AIL ICAIEBIAL ADDED 

>3 Tnm 

<3 - >0.4 znm. 

<0.4 nm. 

1 

102.8 

102.6 

36.6 

96.0 

2 

104.2 

105.8 

37.5 

98.6 

3 

105.2 

104.2 

31.2 

98.2 

4 

103.3 

107.2 

30.6 

98.6 

5 

100.9 

105.2 

43.1 

99.7 

6 

100.3 

106.2 

38.3 

97.3 

Mean .. . 

102.7 

105.2 

36.2 

98.0 


TABLE 5 


Amounts of organic matter recovered by several methods from a soil 6 months after treatment with 
different svsrface applications of straw 
Treatment and results on an acre basis 


SIB4W TBCAX- 
UEST 

KEWlfEXHQD 

IGNXEION USIHOD 

SEADILF OXUXIZABLE 

Residues 

Ihcrease 

Loss 

Licrease 

Loss 

Increase 

tons 

Ws, 

lbs. 

percent 

lbs. 

per cent 

lbs. 

0 

1756 


6.696 


3.93 


2 

2GS4 

928 

6.765 

678 

3.95 

196 

4 

4496 1 

1 2740 

6.888 

1860 

4.10 

1647 

8 

4419 

1 2663 

6.595 

1091 

3.96 

324 


tions by the method of Finnell gave very contistent values not varying over 5 
per cent mean deviation. 


SUMMABY 

A procedure is described for the quantitative determination of the undecom¬ 
posed or sli^tly decomposed part of plant residues on the surface or mixed with 
the soil even thou^ broken into small bits. The plant residues were separated 
from the soil in three fractions: (a) The plant material greater than 3 mm. 
This was separated by passii^ the dry soil throu^ a screen. (6) The material 
less than 3 Tnm, but greater than 0.4 mm. This fraction was obtained by wet- 
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screening of the dispersed soil, (c) Material less than 0.4 mm. but which re¬ 
tained its cellular structure. This fraction was determined by flotation in a 
tall glass tube to the walls of which the particles adhered as the liquid was 
lowered slowlj’'. Each fraction of the material was dried at 105®C. and weighed. 
Data are presented to show the reliability of the method. 
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The removal of phosphates from solution when a soluble phosphate is brought 
into contact with certain soils has been termed ‘^phosphate fixation.” The ex¬ 
act nature of this removal has been the subject of much consideration and study 
by soil specialists. To the practical farmer, a means of preventing excessive 
phosphate fixation in soils is important. To any scientist who is interested in 
the physicochemical phenomena of soils as well as the complex soil-plant ^sterns 
whereby plants absorb nutrients, a knowledge of the mechanism of phosphate 
fixation in soils is likewise of primary interest. 

A review of the literature leaves one somewhat confused. Whether phosphate 
fixation is due to chemical precipitation, to adsorption, or to both is not clear. 
It is recognized that phosphates are precipitated as calcium phosphates in alka¬ 
line soils, but these salts are soluble enough to supply phosphorus for plant 
growth unless fluorine and carbonates are present in sufficient quantities to form 
very insoluble fluoroapatite and complex calcium phosphocarbonates. Such 
fixation, however, has not been found to occur in acid podzolic soils. 

Until recently, chemical precipitation was considered the primary cause of 
phosphate fixation in soils. The precipitation has been attributed largely to 
calcium and magnesium in calcareous soils and to iron, aluminum, and man¬ 
ganese in acid soils. In the latter it was thought that fixation of phosphate 
was due to a simple precipitation of FeP 04 and AIPO4. Truog (16) and Mc- 
George and Breazeale (6), however, have shown that the normal phoi^hates of 
iron and aluminum are readily available to plants. Their findings seem to elim¬ 
inate the idea of simple precipitation as an explanation of phosphate fixation, 
because even relatively acid soils are low in soluble iron. An explanation of 
phosphate fixation on the basis of adsorption has been proposed. Since hy¬ 
drated oxides of iron and aluminum found in soils have colloidal properties, 
adsorption of phosphate is probable. Instead of ui^g the confusmg term ^^ad¬ 
sorption” to designate this colloidal mechanism of phosphate retention, Mattson 
(7), Pugh (10,11), and Ravikovitch (12,13) have used “anion exchange.” By 
this term they mean that phosphate is substituted on the colloidal complex in 
place of some other anion, which is in solution in ^nailer quantities or which 
does not possess enough energy to hold its position on the colloidal complex in 
competition with the very active phosphate ions. 

Stout (15), working with aluminosilicate minerals, kaolinitic m type, showed 
that there is a reversible ionic exchange between phosphate and hydroxyl ions. 

^ Assistant research agronomist and research agronomist, respectively, Vermont Agri¬ 
cultural Esperiment Station. Grateful acknowledgment is made to David E. Dunklee 
for his very helpful suggeslions. 
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He was able to diow a definite change in the crystal structure of kaolin due to 
phosphate fixation and, furthermore, to measure the amount of water formed 
when phosphate was fixed from a HaPOi solution. This indicated that hydroxyl 
ions which were definite components of the cij'stal structure were replaced by 
phosphate ions. 

Murphy (9) found that kaolinite fixes lai^ amounts of phosphate but only 
when the mineral is very finely ground. It is quite evident that this intense 
grinding exposes a considerable number of hydroxyl ions which become active 
in fixing phosphate by an anion exchange reaction. A more complete review 
of literature on this subject is given by one of us (8). 

The purpose of this study was to determine whether or not phosphate fixation 
is an anion exchange reaction between phosphate and hydro^d ions of the soil 
colloidal complex. Thou^ particular attention was given to hydroxyl ions, 
some work was also done with silicate and fluoride anions. 

pH CHANGES 

If phosphate fixation is an exchange of hydroxyl and phosphate anions, there 
should be a pH change, especially in certain simple mixtures of the two. When 
phosphate in the form of the salt of a strong base like potassium is added to a 
h%h filing medium such as ferric hydroxide, the liberation of hydroxyl ions 
should result in the formation of KOH in sufiSeient quantities to alter the pH 
of the mixture. 

Resulting pH changes were measured on three materials— ^Fe(OH)s; finely 
ground kaolin^ (ball-milled 8 days); and the B horizon of Hermon fine sand, 
which is known to be a very high phosphate fixing soil. 

A material- or soil-water ratio of 1:5 was used in all the suspensions, and 
KHjPO* was the soluble phosphate. Before mixing of the susqpension and the 
pho^hate solution, the pH of one was adjusted to that of the other, so that the 
pH values of both were very nearly the same. After 24 hours the pH of the 
mixture was determined and recorded as “pH after fixation.” A Beckman 
glass electrode pH meter was used in maldrig all pH determinations. 

Ihe effect of phosphate fixation by ferric hydroxide on the pH of the mixture 
whai various amounts of KsHP 04 were added is shown in table 1. Phosphate 
fixation resulted in an increase in the pH of the Fe(OH )3 suspensions, both when 
the pH of the Fe(OH)* was adjusted to that of the KHjPO^ solution and when 
the pH of the KH 2 P 04 solution was adjusted to that of the Fe(OH)t before 
mixing. Thou|dr pH changes cannot be used as a quantitative measure of phos¬ 
phate fixation, the fact is that in the lower range they became greater as phos¬ 
phate usage increased. 

Similarly the effect of phosphate fixation by kaolin as measured by change in 
pH is shown in table 2. Phosphate fixation increased the pH of the kaolin- 
phosphate mixture. Smaller increases in pH were observed with kaolin than 
with Fe(OH)*, primarily because the latter fixes much more pho^hate. The 
ability of kaolin to take up some potash would tend to decrease the basicity of 

* Kaolin obtained from Ward’s Natural Science Ektablishinent. 
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the mixture. In spite of the possible absoiption of potash, the change in pH is 
suflficient to indicate a similarity in the nature of phosphate fixation by Fe(OH)s 
and by finely ground kaolin. In either case, fixation is probably due to an ex¬ 
change of exposed hydroxyl ions by the phosphate ions. 

TABLE 1 


Changes in pH resvUing from phosphate fizaiion when a solution of KEJPOa and a suspension 
of Fe(OH)z of similar pH are mixed 


EBOSSSAIE 

ADDED (FOi) 

BEFOSE FIXATION 

pH AFTEE FIXATION 

CHANGE IN pH 

Fe(OH)i Suspension 

XH]P04 Solution 

OF THE UIXTUSE 

msm. 

1.257 

4.85 

4.95 

5.05 

+0.20 

2.758 

4.65 

4.95 

5.55 

+0.90 

4.331 

4.85 

4.95 

6.10 

+1.25 

5.515 

4.65 

4.95 

6.20 

+1.55 

50.900 

8.70 

8.70 

10.15 

+1.45 


TABLE 2 

Changes in pH resulting from phosphate fixation when a solution of KHJPOi and a kaolin 
suspension of similar pH are mixed 


PHOSPHATE 

ADDED (POi) 

pH BEFOSE FIXATION 

pH AFTES FIXATION 

CHANGE m pH 

Kaolin suspension 

KmPO^ solution 

OF THE MDCIUXE 

mpn, 

1.5 

5.70 

5.55 

5.85 

+0.15 

3.0 

5.70 

5.55 

6.00 

+0.30 

4.5 

5.55 

5.55 

6.00 

+0.45 

6.0 

5.55 

5.55 

6.10 

+0.55 


TABLE 3 

Changes in pH resulting from phosphate fixation when a solution of KHJ^O^ and a soil* 
suspension of similar pH are mixed 


FHOSEBATE 

ADDED (PO() 

pH BEFOSE FIXATION 

pH AFIEE FIXAHON 

CBANGBZNpH 

Soil suspension 

KHsPOi Solution 

OF XIXrOSEE 


4.05 

4.00 

4.30 

+0.25 


4.05 

4.00 

4.30 

+0.25 


4.15 


4.55 

+0.40 


4.05 


4.30 

+0.25 

127.415 ! 

4.15 

4.10 

4.35 



* Hennon fine sand. 


Similar but smaller pH changes were obtained when the soluble phosphate 
was added to a suspension of hi^ phosphate fixing soil, Hermon fine sand, of 
simil ar pH (table 3). Here again the pH value of the soil-phosphate mixture 
was greater than those of the individual components, despite the fact that this 
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soil is known to absorb large amounts of potash. In soils which absorb more 
potash than phosphate, the pH of the mixture would be lowered rather than 
raised. 

The podzol soil used here contains relatively large amounts of h}'^drated iron 
oxides as evidenced by its brownish-red color. It seems likely that at least part 
of its phosphate-fixing capacity is due to its abilitj’- to absorb phosphate in ex¬ 
change for the hydroxyl ions, as evidenced by the pH changes indicated in 
table 3. 


TABLE 4 

Effect of d^ydration by heating on the fixation of phosphate by soils and by anhydrous and 
hydrated oaddes of iron and aluminum 


1 

SAICPLE 

TEEATUENT 

PHOSPHOSTTS 
m SA3CFLE 

(P) 

PHOSFHOEUS 

ADDED 

(P) 

PHOSpaosus 

EXXEACIED 

(P) 

PBEOSPHORUS 

PIXED 

(P) 

Hennon sand 

Xo heat 

p.PM. 

6 

p.pJM. 

400 

P.PM. 

24 

per cent 

95.5 


1 305”C., 6 dajTS* 

14 

400 

40 

93.5 


1 White heat, 3 hours 

52 

400 

320 

33.0 

Vei^nnes clay 

No heat 

77 

400 

320 

39.2 

loam 

350°C., 5 days* 

184 

400 

400 

46.0 

1 

White heat, 3 hours 

260 

400 

560 

25.0 

Ferric hydroxide 

No heat 

0 

400 

0 

100.0 


White heat, 3 hours 

0 

400 

400 

0.0 

Anhydrous ferric 

No heat 

0 

400 

400 

0 

oxide 

1 White heat, 3 hours 

0 

400 

400 

1 

0 

Aluminum 

No heat 

'mm 

400 

300 

28.0 

hydroxide 

White heat, 3 hours 

mM 

400 

6 

98.5 

Anhydrous alu¬ 

No heat 

0 

400 

6 

98.5 

minum oxide 

j White heat, 3 hours 

0 

400 

6 

98.5 


* 350°C. was obtmned by use of a molten lead bath. 


DEHYDRATION 

If exchac^able hydrox^d ions cause phosphate fixation, it should be possible 
to remove these ions by the use of hi^ temperatures, as for example in dehy¬ 
dration. In order to determine the importance of the state of hydration as a 
factor in phosphate fixation, two soils and two iron and two aluminum oxides 
were heated at different temperatures. The phosphate-fixing capacities of the 
materials before and after heating, as determined by the method of Heck (5), 
are shown in table 4. 

When ferric hydroxide was heated at white heat it lost its hj-droxyls as water, 
and its phosphate-fixing capacity decreased from 100 per cent to 0. After heat¬ 
up, it resembled anh 5 'drous ferric oxide, which fixed no phosphate at any time. 
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Since Hennon jSne sand contained considerable amounts of hydrated ferric ox¬ 
ide, heating at white heat greatly decreased its capacity to fix phosphate. Alu¬ 
minum hydroxide, on the other hand, fixes verj^ little phosphate, but \\dth the 
gradual loss of water on heating, fixation increases, as was found by Ford (3) 
in the case of bauxite. Anhj'drous aluminum oxide fixes large amounts of 
phosphate in an insoluble form. Xo explanation for the variance between feme 
hydroxide and aluminum hydroxide is offered. The decrease in phosphate fix¬ 
ation by Vergennes clay loam due to white heat was very small, presumably 
because the increase in fixation by dehydration of aluminum oxides almost off¬ 
sets the decrease due to dehydration of ferric oxides. !Most soils contain only 
the hydrated forms of iron and aluminum compounds, as the anhydrous oxides 
do not form under natural conditions in agricultural soils. If soil contains a 
large amount of hj’drated iron oxide, heating at high temperatures will decrease 
its fixation; if soil contains large amounts of hydrated aluminum oxides, heating 
may actually increase its fixing capacity for phosphates. The beha\dor of the 

TABLES 


Effect of removal of free iron and aluminum oxides on the ability of soils to fix phosphorus 


SAMPLE 

1 

TBEATUENT 

PHOSFHOEtrS 
IN ORIGINAL 

(P) 

1 

PHOSPHORUS 

AHDED 

(P) 

1 

PHOSPHOST7S 

EXTRACIEO 

(P) 

PHOSPHORUS 

FIXED 

(P) 

Hermon fine sand 

None 

II 2 O 3 * removed 




per cent 

95.50 

19.25 

Vei^nnes clay 
loam 

None 

R 208 * removed 

77.0 

34.0 

400 

400 

320 

325 

39.25 

28.50 


* The removal of HsO« resulted also in the removal of silica, calcium, magnesium, and 
potassium from the soil. 


soils on heating is further evidence that the phosphate is at least partly fixed 
by replacing hydroxyl ions. 

REMOVAL OP SBSQUIOXIDES 

If phosphate fixation is due primarily to the formation of diflScultly available 
compounds with the iron and aluminum oxides in the soil, removal of these 
oxides should reduce the degree of fixation. The phosphate-fixing capacity was 
determined, therefore, on two soils before and after the free iron and aluminum 
oxides were removed by the sodium sulfide-oxalic acid treatment of Drosdoff 
and Truog (2). The results are shown in table 5. When the free iron and 
aluminum oxides were removed, the phosphate-fixing capacity of Hermon fine 
sand was greatly reduced. As has been mentioned, this high phosphate fixing soil 
is known to contain considerable hydrated iron. The fixing capacity of Ver¬ 
gennes clay loam, however, vras only slightly affected by the treatment. This 
indicates that very little hydrated iron oxide was causing fixation in the lat¬ 
ter soil. 
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ANIOX SHBSTITtmON 

A number of writers, including Stout (15) and Eavikoriteh (13), have sug¬ 
gested that phosphate fixation is a reversible reaction and that there is a defi¬ 
nite anion exchange. The hydroxjd ion has received considerable attention and 
seems to be the most successful in replacing, or at least bringing into solution, 
the greatest amount of fixed phosphorus. The effect of increasing pH of ex¬ 
tracting solution (increase in hydrosjd ions) on the liberation of previously 



Fig. 1. Effect of pH of Extracting Solution on Liberation of Pretiouslt Fixed 
Phosphate in Two Soils and Two Iron Compounds 
A, Vergeimes clay loam; B, Hennon fine sand; C, limonite; D, Ferric hydroxide. To 
each material 400 p.p.m. of phosphorus had been added and aUowed to become fixed before 
extraction. 

fixed phosphates in different materials was studied, Veigennes clay loam, 
Hermon fine sand, limonite,’ and ferric hydroxide being treated with 400 
p.p.m. of soluble phosphorus. After the phosphorus was allowed to become 
fixed by the Heck method (5), the materials were extracted by the Truog method 
(16) substituting buffered solutions of differing pH values. To obtain the de- 
dred pH for the extractii^ solution, various amounts of HsSOr-NaOH were 
used. Hiese results are shown in figure 1. 

* The limonite used was a bog ore vanety obtuned from Bolton, Quebec. 
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With the most alkaline extracting solutions, more phosphorus was removed 
than was added in the two soils used. It seems evident that all the fixed phos¬ 
phate as well as much of the oiganic phosphorus in these soils was extracted. 
Even with limonite and ferric hydroxide, nearly all the fixed phosphate was ex¬ 
tracted. In all cases the alkaline range was more effective in liberating phos¬ 
phate than was the equivalent acid range. Of course, it is difficult to differenti¬ 
ate between the dissolving action and the replacing action of the hydro^d ions 
at hi^ pH values. Since there is a marked similarity between limonite and 
Hermon fine sand in the amount of phosphorus liberated at the various pH levels, 
the indication is strong that the mechanism of phosphate fixation in the two are 
very similar. 

In addition to the hydros^'! ion, a number of other anions seem to be able to 
replace some fixed phosphate. The silicate ion seems to be very effective, as 
SchoUenberger (14), Gile and Smith (4), Weiser (17), and many others have ob¬ 
served its beneficial effect on plant growth and phosphate recovery. More re- 

TABLE 6 


Changes in ■pH due to anion fixation when a solution of NHJF or Not/SiOt and a suspension of 

Fe{OH)t are mixed 


ANION 

AMOUNT ADDED 

BEFOKE FTCAHON 

AFTEE 

FIXATION 

CSANGE IN pH OF 
mXTUSE 

Fe(OH)i 

susp^fflon 

Anion solution 

Fluoride 


5.90 

5.90 

6.60 

+0.70 



5.90 

5.90 

6.65 

+0.75 



5.90 

5.90 

6.65 

+0.75 

Silicate 

1.0 

6.ao I 

6.30 

6.65 

+0.35 


cently the fluoride ion was used by Dickman and Bray ( 1 ) to replace that portion 
of pho^hate in soUs which they call “adsorbed phoi^hate.” If the silicate and 
fluoride ions are effective in replacing adsorbed phosphate, it seems probable 
that they should also replace the hydroxyl ion &om Fe(OH)s and thus effect a 
change in pH. This was studied by the use of NH 4 F and NatSiOi in a manner 
RimilaT to that with EH1PO4 (see table 1). The results are presented in table 
6 . These results indicate that both silicate and fluoride ions are fixed with the 
liberation of hydroxyl ions, which increase the pH of the mixture. 

MECHANISM OF PHOSPHATE FIXATION 

The TnftfthftniRm of phosphate fixation is apparently the same with hydrated 
sesquioxides as with finely ground kaolin. In both, it represents a plydcochem- 
ical anion exchange equffibrium whereby pho^hate ions replace exposed hy¬ 
droxyl ions from the colloidal materials. 

The increase in pH of a colloidal system caused by phosphate fixatimi is taken 
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as evidence that such an exchange of anions takes place. The possible exchange 
reactions may be represented by the foIloTring equations: 


A. Ferric hydroxide 

yOH 
Fe—OH 
'^OH 

^OH 

Fe“'"“ OH 2HH«P04 

'^OH 

yOH 
Fe—OH 

Ndh 


Bade iron phosphate 

OH 

/ 

Fe 

\ 

PO 4 

/ 

HO—^Fe + 2KOH + 4H,0 

\ 

PO 4 

/ 

Fe 

\ 

OH 


B. Monohydiated ferric 
oxide Gimonite) 


Fe 


/ 


\ 


HO—Fe 


/ 


0 + KHJ>04 


\ 


OH 


Dufrenite 

0 

/ 

Fe 

\ 

0 + KOH 

/ 

HO—Fe 

\ 

H,P04 


C. EaolixL (finely ground) 

[(OBO^HAlsSiaOs] **Eaolmite pho^hate*' 

—OH 

—OH + KHsP04 ;; — 0 —P=0 + KOH + 2Hrf) 

—OH 

These seem to be equilibrium reactions, as is evidenced by the fact that fixed 
phosphate can be liberated when the hydros^l ions exceed the concentration of 
phosphate ions in solution. To obtain complete liberation of phosphate ions, 
however, a very high concentration of hydrosyl ions must be present. 

The fixation of silicate and fluoride ions by soils seems to be by the same mech¬ 
anism as that of phosphate fixation. The beneficial effect of these two anions 
on plant growth is due to a lowering of the pho^hate-fixing capacity of the soil, 
thus causing increased availability of applied phosphates. When the concentra¬ 
tion of silicate or fluoride ions is hi^, these anions may replace phosphate ions, 
as was shown by Weiser (17) and by Dickman and Bray (1). 

DISCUSSION AND SUMKCABY 

Most soils contain a considerable amount of iron oxide distributed as a film 
over individual soil particles. This is especially true of the lateritic and podzolic 
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soils (B horizon). Though this hydrated iron oxide is not in solution, its col¬ 
loidal nature and its surface position on soil particles make it very active in 
jSxingany soluble phosphate that comes in contact with it. Data presented in this 
paper indicate that phosphate fixation is a ph 3 "sicochemical exchange of phos¬ 
phate ions for these closed hj^'droxyl ions. Though this seems to be an equilib¬ 
rium reaction, in soils it is greatlj" shifted toward phosphate fixation, because of 
the very low hydroxjd-ion concentration in the soil solution and the high hy- 
droxjd concentration of the h 3 rdrated ferric oxides on the surface of the soil 
particles. Kaolin fixes phosphate onlj' when it is finely ground to expose active 
hydroxyl ions. Ferric hj^droxide, finely groimd kaolin, and a podzol B horizon 
were found to fix large amounts of phosphate in an unavailable form. When 
a suspension of eny of these materials was mixed with soluble phosphate of sim¬ 
ilar pH, the resultant mixture increased in pH. This is taken to indicate that 
phosphate ions replaced the hydroxyl ions. 

Dehydration and removal of hydroxyl ions by high temperatures greatly^ re¬ 
duced the phosphate-fixing capacity of soils and of hydrated iron oxide. The 
reverse is true for hydrated aluminum orilde. 

Eemoval of active iron and aluminum (R2O3) also greatl}^ reduced the capa¬ 
city of soils to fix phosphate. 

Both silicate and fluoride ions are capable of replacing hy^droxyl ions, as evi¬ 
denced by pH changes. The beneficial effect of silica on plant growth may be 
due to its ability to remove fixed phosphate or to replace the hy^droxyl ions and 
thus decrease phosphate fixation. 

REFERENCES 

(1) Dickman, S. R., and Bbay, R. H. 1941 Replacement of adsorbed phosphate from 

kaolinite by fluoride. Soil Sci, 52:265-275. 

(2) Drosdoff, M., and Tritog, E. 1935 A method for removing and determining the 

free iron oxide in soil colloids. Jour, Amer. Soc. Agron, 27: 312-317. 

(3) Ford, M. C. 1933 The nature of phosphate fixation in soils. Jour, Amer, Soc, 

Agron. 25:134r-144. 

(4) Gile, P. 1., AND Smith, J. G. 1925 Colloidal silica and the efficiency of phosphate. 

Jour. Agr, Res, 31: 247-260. 

(5) Heck, A. F. 1934 A method for determining the capacity of a soil to fix phosphorus 

in a difficulty available form. Soil Sci. 37: 477-482. 

(6) McGeorge, W. T., and Bbeazeale, J. F. 1932 Studies on iron, aluminum and or¬ 

ganic phosphates and phosphate fixation in calcareous soils. Aiiz. Agr. Exp. 
Sta. Tech. Bui. 40. 

(7) hlATTSON, 1931 The laws of soil colloidal behavior : V. Ion adsorption and exchange. 

5a. 31:311-331. 

(8) hliDGLET, A. R. 1940 Phosphate fixation in soils—a critical review. Proc. Soil 

Sci, Soc. Amer. 6: 24-30. 

(9) Murphy, H. F. 1939 The role of kaolinite in phosphate fixation. Hilgardia 12: 

343-382. 

(10) Pugh, A. F. 1938 Laws of soil colloidal behavior: HI. Colloidal phosphates. 

Soil Sci. 38:315-334. 

(11) Pugh, A. F. 1940 The composition and ionic exchange of ferric silicates and phos¬ 

phates. Soil Sci, 41: 417-431. 

(12) Ravixovitch, S. 1934 Anion exchange: 1. Adsorption of phosphoric acid ions by 

soils. Soil Sci. 38:219-239. 



176 


JOSEPH B. KELLY AND A. R. MIDGLEY 


(13) Ravikovitch, S. 1934 Anion exchange: II. Liberation of the phosphoric acid 

. ion adsorbed by soils. Soil ScL 38: 279-285. 

(14) ScHOLLENBERGER, G. J. 1922 Silica and silicates in relation to plant growth and 

composition. Soil Sci. 14: 347-362. 

(15) Stout, P. R. 1939 Alterations in the crystal structure of clay minerals as a result of 

phosphate fixation. Proc. Soil Sci. Soc. Arner. 4:177-182. 

(16) Truog, E. 1916 The utilization of phosphates by agricultural crops, including a 

new theory regarding the feeding power of plants. Wis. Agr. Exp. Sta. Bui. 41. 

(17) Weiser, V. L. 1933 Fixation and penetration of phosphates in Vermont soils. 

Vt. Agr. Exp. Sta. Bui. 356. 



DISTRIBUTION OF TOTAL AND ALKALI-SOLUBLE ORGANIC 
MATTER BETWEEN THE W’HOLE SOIL AND SOIL AGGREGATES 
OF DUNMORE SILT LOAM: I. INFLUENCE OF FERTILITY TREAT¬ 
MENTS 6 AND 18 MONTHS AFTER LIMING^ 

JESSE ELSON and EMANUEL AZAR® 

Virginia Agricultural ExperimeTit Station 
Received for publication October 13,1942 

Crop residues and manure are incorporated in cultivated soil to maintain the 
supply of organic matter, which in turn preserves soil tilth. It is important to 
determine the conditions under which soil structure is most benefited from such 
maintenance. From the standpoint of soil conservation we are interested in 
cementing the large soil aggregates with organic matter in order to reduce losses 
of inorganic and organic fractions by erosion. Because knowledge of the chemi¬ 
cal composition of organic matter is limited, however, and the specific constit¬ 
uents involved in aggregation are not known, studies of the relationship of 
organic matter to soil aggregation must be general. 

Many investigators (3-10, 12) have reported that organic matter serves as a 
cement in binding the soil particles into water-stable aggregates. It has also 
been reported (11,15) that the addition of alkali ‘liumate” extracts to mineral 
soils results in stable aggregate formation. 

The purpose of the study reported here was to investigate the distribution of 
the total and alkali-soluble organic matter between the soil aggregates and the 
whole soil from which they were formed. 

EXPERIMENTAL METHODS 

Soil samples were taken 6 and 18 months after ground limestone at the rate 
of 2 tons per acre had been applied to 96 fertility plots on Dunmore silt loam 
in the spring of 1940. A diagram of the layout of the plots with the agronomic 
treatments was previously presented (2). One-half of the plots had been treated 
yearly since 1914, and of these, 32 received various kinds and amounts of com¬ 
mercial fertilizers, whereas 16 received applications of manure; the other 48 
subplots had been untreated during this period. After the soil had been sampled, 
two aggregate-size groups (1.0-2.0 and 0.10-0.25 mm. designated as large and 
small aggregates respectively) were separated by wet-screening (1). 

Whole soil and soil aggregates were ground to pass a 100-mesh sieve, and the 
total organic matter was determined on these materials by wet oxidation with 
chromic acid (13). Alkali-soluble organic matter was determined as that por- 

^ Contribution from the Virginia Agricultural Experiment Station, Blacksburg, Virginia, 
and the Erosion Control Practices Division, Soil Conservation Service, U. S. Department 
of Agriculture. 

* Assistant soil technologist and science aide, Virguda Agricultural Experiment Station. 
Acknowledgment is gratefully made to A. E. Brandt for assistance with the statistical 
analysis of the data and to J. S. Joffe for suggesting the analytical procedure. 
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tion of the organic matter soluble in hot 0.1 N NaOH.* Five grams of the ground 
material and 50 ce. of 0.1 N NaOH were placed in a 125-ce. Erlenmeyer flask 
and heated on the steam bath for 2 hoius; a small funnd placed in the neck of 
the flask acted as a condenser. After extraction, the alkali-soluble fraction was 
removed by filtering with suction throu^ one thickness of Whatman Jff41 filter 
paper and by washing the material successively with 50- and 25-ec. portions of 
boiling water, employing decantation. The soil material was then dried, re¬ 
ground, and the alkali-insoluble fraction of the oi^anic matter deteimined by 
wet oxidation with chromic add. Alkali-soluble organic matter was computed 
as the difference between the organic matter in the original groimd material and 
that remaining after extraction with hot dilute alkali. 

RESULTS AND DISCUSSION 

On the basis of 1940 data it was reported (2) that the whole soil and soil ag- 
gr^ates from the treated subplots (manured and fertilized) contained more 
oi^anic matter than the untreated ones and the manured subplots more than 
tiiose that were fertilized. Similarly, total oi^anic matter for 1941 and alkali- 
soluble organic matter for 1940 and 1941 showed highly significant differences 
between the treated subplots and imtreated ones and between the manured sub¬ 
plots and those fertilized. Mean values for the treatments and differences be¬ 
tween treatments 6 and 18 months after liming are presented in table 1. It 
should be observed that the magnitude of the differences for the treatments 
remained the same for the two seasons. It will also be seen that there were 
seasonal variations in the amount of total and alkali-soluble oi^anic matter in the 
soil and a^r^tes. No attempt will be made to explain these variations, as the 
experimental arrangement and method of sampling did not warrant such an 
analysis of the data. 

In the surface horizon of a viigin soil or of a long-established sod the individual 
soil separates of sand, silt, and clay are coated with organic matter. As these 
separates become incorporated into soil aggregates, the resulting struetuial paiti- 
cles contain organic matter on the inside of the a^egates as well as a coating 
on the outside of the ag^omerates. After the soil is brou^t under cultivation, 
these abrogates are destroyed and the organic matter of the soil and of the ag¬ 
gregates is depleted. As a result of this depletion the aggregates that form under 
arable conditions contain much less organic matter. It should be observed from 
the data in table 1 thatas a result of the incorporation of manure or crop residues 
in the treated subplots, the organic matter content of the soil and of the large 
and small a^r^ates was maintained. The manure treatments appeared to 
be more effective than the fertilizer treatments. A question then naturally is 
raised whether there is any direct relationship between the organic matter content 
of the aggregates and that of the whole soil from which the abrogates were 
derived. 

To answer this question the experimental data were further studied by the 

s This eztiacfiug medium was selected because of the report of other iuTestigators (14) 
that an arbitrary fraction of the organic matter is thus made soluble. 
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analysis of covariance to determine (a) whether the highly significant treatment 
differences for the alkali-soluble organic matter in the whole soil and soil ag¬ 
gregates could be explained by the regression of alkali-soluble organic matter on 
total organic matter, (6) whether the treatment differences for the total or 
alkali-soluble organic matter in the large and small aggregates could be explained 
by the regression of these variables on the whole soil, and (c) whether the treat¬ 
ment differences for the total or alkaH-soluble organic matter in the small ag- 

TABLE 1 


Total and alkali-solvble organic matter in whole soil and soil aggregates of Dunmore silt loam 

6 and 18 months after liming 
Results in percentage of dry matter 


PLOTS 

FEXIOD ASTEJL LXUINO 

6 months 

18 months 

Son 

1.0 mm. 

0.1 mm. 

SoU 

1.0 mm. 1 0.1 mm. 

Total organic matter 

Treated*. 

2,73 

2.67 

2.75 

2.72 

2.55 

2.60 

Untreatedf. 

2.19 

2.17 

2.14 

2.21 

2.06 

1.99 

Difference. 

0.54 

0.50 

0.61 

0.51 

0,49 

0.61 

Manuredt. 

3.35 

3.25 

3.34 

3.29 

3.07 

3.12 

Fertilized II. 

2.42 

2.38 

2.45 

2.44 

2.29 

2.34 

Difference. 

0.93 

0.87 

0.89 

6.85 

0.78 

0.78 


Alkali-solvble organic matter 


Treated*. 

Untreatedf. 

1.55 

1.25 

1.56 

1.24 

1.47 

1.16 

1.47 

1.21 

1.46 

1.21 

1.44 

1,13 

Difference. 

0.30 

0.32 

0.31 

0.26 

0.25 

0.31 

Manured^. 

1.97 

1.91 

1.77 

1.80 

1.74 

1.74 

Fertilized II. 

1.34 

1.39 

1.32 

1.30 

1.32 

1.29 

Difference. 





0.42 

0.45 






58.3§ 

55.9§ 


* Mean of 48 plots (32 fertilized and 16 manured), 
t Mean of 48 plots. 
t Mean of 16 plots. 

II Mean of 32 plots. 

§ Percentage of total oiganic matter. Mean of 96 plots (48 treated and 48 untreated). 

gregates could be explained by the regression of small aggregates on large 
aggregates. In table 2 are shown a summary of the regressions, indicating 
those that were significant. 

Relationship between total and alkali-soluble organic matter 

In general, the regression of alkali-soluble organic matter on total organic 
matter was significant (table 2). This relationship did not hold for the small 
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a^repites in 1940. This was related to the fact that after 6 months only 53.7 
per cent (table 1) of the total organic matter in the 0.1-mm. aggregates was al¬ 
kali-soluble. On the other hand, 18 months after liming when the alkali-soluble 
and total organic matter in the small aggregates were related, 55.9 per cent of 
the total was alkali-soluble. 

Effect of treatment on total organic matter in whole soil and soil aggregates 

It was mentioned that a highly significant effect of treatment was the main¬ 
tenance of more organic matter in the soil from the treated subplots than in that 
from the imtreated ones. It was natural to expect a similar treatment effect 

TABLE 2 


Regressions for total and alkali-solitbte organic maiter in whole soil and soil aggregates 6 and 

18 months after liming 




TSEATUENT COUEASISON 



Treated vs. Untreated 

Manured vs. Fertilized 


6 months 

18 months 

6 months 

18 months 

Total alkalisolvble organic matter 

Whole soil. 


+ 

+ 

-1- 

Large aggregates. 

+ 

+ 

+ 

+ 

Small aggregates. 

— 

+ 

— 

-1- 

Total organic matter 

Whole soil vs. large aggregates. 

-1- 

— 

-1- 


Whole soil vs. small aggregates. 

— 

— 

+ 

-1- 

Large vs. small aggregates. 

— 

— 

+ 

+ 

Alkali-soluble organic matter 

Whole soil vs. large aggregates. 



4- 


Whole soil vs. small aggregates. 

+ 

— 

+ 

"h 

Large vs. small aggregates. 

-1- 

— 

-1- 

— 


+ Begression ragsaificant. 

— Regression not agnificant. 


on the large and small aggregates from the treated subplots. For this reason it 
was of interest to determine the conditions under which the treatment effect in 
maintalnmg the organic matter content of the soil a^regates was related to a 
similar treatment effect on the whole sod. 

Six months after liming the regressions of the treatment comparisons (treated 
vs. untreated and manured vs. fertilized) for the large a^regates on those for 
the whole soil were significant (table 2). Althou^ after 18 months this was 
not the case, further study will be necessary to establish whether the signif¬ 
icant regressions during the 6-month period were caused by liming. 

The r^resfdons of the treatment difference (treated vs. untreated) for smn.ll 
a^regates on whole soil or laige aggregates were not significant in either period. 
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In both the 6- and 18-month periods the treatment difference was greater for the 
small aggregates than for the whole soil or large a^egates. For bothperiods, 
how’ever, the regressions of the treatment difference (manured vs. fertilized) 
for small a^^tes on whole soil or large abrogates were tignificant. This 
was related to the fact that the treatment difference was not greater for the 
small aggregates than for the whole soil or large aggregates. 

Effect of treatment on alkdli-eoluble organic matter in whole soil and sml aggregates 

In both periods the regression of treatment difference (treated vs. untreated) 
for the large aggregates on that for the whole soil was not significant (table 2). 
This indicated that there was little relationship between the soil and large ag- 
gre^tes in content of alkali-soluble organic matter. An explanation of the lack 
of significant regression may be based on the composition of the organic matter 
with respect to the alkali-soluble fraction. Six months after liming, the soil 
contained 56.2 per ceat alkali-soluble organic matter, which dropped to 54.3 
per cent after 18 months (table 1). In the laige aggregates, however, the per¬ 
centage of total organic matter that was alkali-soluble remained almost constant 
for the two periods (57.9 after 6 months and 58.3 after 18 months). It appeared 
that a fraction of the orgauic matter that was alkali-soluble collected in the 
large aggregates. This accumulation was not wholly associated with the frac¬ 
tion in the whole soil. 

Six months after liming there was good agreement for the treatment difference 
(treated vs. untreated) for the comparison of small abrogates vs. whole soil or 
vs. large a^r^tes. After 18 months this agreement had laigely disappeared. 

Manure vs. fertilizer treabmmte 

It should be noted for botii the 6- and 18-month paiods (table 2) that many 
of the regressions of the whole soil vs. large or small aggi^ates were significant 
for the treatment comparison, manure vs. fertilizer. It was mentioned that the 
mamue treatments were more effective than the fertilizer treatments in main¬ 
taining the total as well as the alkali-soluble organic matter content of the soil 
and a^egates (table 1). Nevertheless, both of these treatments were effective 
in maintaining the organic matter content of the soil, a fact that was correlated 
in nearly all eases with an increased amount of organic matter in the laige and 
small a^regates. 


SI7MM.\RT 

Total and alkali-soluble (hot 0.1 N NaOH) organic matter were determined on 
the whole soil and on huge and small aggregates (1.0-2.0 mm. and 0.10-0.25 mm- 
respectively) separated from the soil of 96 long-time fertility plots on Dunmore 
tilt loam 6 and 18 months after liming. 

Whole soil and both a^r^te-size groups from the treated subplots (manured 
or fertilized) contained more alkali-soluble organic matter than the untreated 
ones, and the manured more tiian the fertilized. This was explained by the 
presence of more total organic matter in the soil and soil aggregates from the 
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treated subplots than in the untreated one«!, and more in the manured than in 
the fertilized subplots. 

The total organic matter data showed that the regressions of the treatment 
difference (treated vs. untreated) for the small aggregates on whole soil or on 
large aggregates were not significant in either period. 

The alkali-soluble organic matter showed that in both the 6- and 18-month 
periods the regression of treatment difference (treated vs, untreated) for the 
large aggregates on that for the whole soil was not significant. An explanation 
was based on the fact that the percentage of the total organic matter in the 
large aggregates that was alkali-soluble was fau’b" constant and independent of 
the composition of the whole soil. The percentages Trere 57.9 after 6 months 
and 58.3 after 18 months for the aggregates, whereas those for the whole soil fell 
from 56.9 to 54.3 for the cori-esponding periods. Six months after liming there 
was good agreement for the treatment difference (treated vs. untreated) for the 
comparisons small aggi'egates vs. whole soil or vs. large a^egates. After 18 
months, these same comparisons showed little relationship. 

Fertilizer treatments as well as manure treatments maintained the total 
and the alkali-soluble matter content of the w’hole soil. This was correlated 
in nearh" all cases with an increased amount of organic matter in the large and 
small aggregates. 
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Though microorganisms concerned with known biochemical processes in the 
soil have been widelj’' studied, much less attention has been paid to groups of 
bacteria of which the functions are still largely unknown or but little understood, 
but which doubtless comprise a large proportion of the indigenous microflora 
of arable soils. Investigations of the latter groups have been hampered by lack 
of satisfactory methods for their isolation and of criteria for their classification, 
both morphological and ph 3 ’^siological. Thus in contrast to those organisms 
concerned with known functions, they require for their isolation as nonselective 
a medium as possible, in order that “representative*^ types may develop with the 
least suppression by other special groups that might be favored by the incor¬ 
poration in the medium of special enei’gj’’ sources. The procedure is essentially 
qualitative, though the value of such is greatly enhanced when at the same 
time quantitative aspects can be taken into account in establishing the relative 
incidence in any given soil of the various qualitative groups. 

For classification of the indigenous soil bacteria on a physiological basis, it is 
becoming more apparent that the “classical” biochemical tests are inadequate 
for any rational grouping helpful to an understanding of the activity or signi¬ 
ficance of these organisms in sod. Furthermore, as Lochhead and Taylor (3, 7) 
have pointed out, the majority of soil bacteria display a relatively low degree 
of biochemical activity, as judged by standard laboratorj'' tests, and are re¬ 
garded as being comparatively unstable physiologically. Hence, other phys¬ 
iological criteria are fdt to be more suited to their grouping. 

It is self-evident that the equilibrium between various groups of organisms 
existing in any soil at any given time will depend in large measure upon the 
availability of nutrients required for the growth of those organisms. Thou^ 
special antagonisms and the presence of toxic factors may distort this relation¬ 
ship, in the main the relative incidence of a group of microorganisms requiring, 
for example, a special growth factor will depend upon the presence of that 
factor in the soil. By classifying organisms according to certain nutritional 
needs, West and Lochhead (10) su^ested a method for measuring the bacterial 
equilibrium in soil. This method has been applied to advantage by West and 
Hildebrand (1, 11) in studying the relationship of the soil microflora to straw¬ 
berry root rot disease and its control. The procedure consisted in observing the 
growdih response of soil bacteria, isolated by nonselective plating methods, in 

^ Contribution No. 159 (Journal Series) from the Division of Bacteriology and Dairy 
Research, Science Service, Department of Agriculture, Ottawa. 

* Dominion agricultural bacteriologist and agricultural assistant respectively. 


1QR 



186 


A. G. LOCHHEAD AX3> F. E. CHASE 


three media of varying complexity—basal, amino acid, and growth factor media. 
The present studies were planned to examine more extensively the nutritional 
requirements of soil bacteria, with consideration also of those for which the 
above media are inadequate. 


EXPEEIMBXTAL 

The organisms studied were isolated from soils of a 4-year rotation system of 
oats, clover, timothy, and mangels. One soil (X) had been impoverished by 
continuous cropping without fertilizer addition; the other (X) had been main¬ 
tained at good fertility level by regular application of farmyard manure. Sam¬ 
ples were taken from each soil in June and in October, 1941. 

Cultures were obtained by plating on a nonselective soil extract agar medium 
according to methods previously described (4, 7). Colonies were systematically 
picked so that all on a plate or a sector were taken, and stab cultures were made 
into soil extract semisolid (containing 0.02 per cent K 2 HPO 4 , 0.01 per cent yeast 
extract, and 0.3 per cent agar) for further study. 

Media for nutritional grouping 

For a comparative study of the nutritional requirements of the isolates seven 
media, as follows, were used: 

Basal medium (Medium B): glucose 1.0 gm.; K2HPO4, 1.0 gm.; KNO 3 , 0.5 gm.; MgS 04 , 
0.2 gm.; CaCls, 0.1 gm.; NaCl, 0.1 gm.; FeClf, 0.01 gm.; distilled water, 1 liter. Heat to 
lOO^’C., filter, and adjust reaclion to pH 6 . 8 . 

Amino acid medium (Medium A ): basal medium plus 0.05 gm. per liter each of cysteine, 
alanine, proline, aspara^ne, glutamic acid, aspartic acid, arginine, leucine, glycine, and 
lysine. 

Growth factor medium (Medium G): basal medium plus cysteine, 0.05 gm.; thiamin, 100 
/«gm.; biotin, 0.1 pgm; pyridoxin, 200 /cgm.; pantothenic acid, 100 jugm.; nicotinic acid, 100 
/tgm.; riboflavin, 200 pgm.; and inositol, 0.05 gm. per liter. 

Amino acid - 1 - growth factor medium (Medium AG): basal medium plus amino acids as in 
medium A and growth factors as in medium G. 

Yeast extract medium (Medium Y): basal medium + yeast extract (Difco), 1.0 gm. per 
liter. 

Soil extract medium (Medium S)i 750 ml. basal medium plus 250 ml. soil extract, pre¬ 
pared by autoclaving 1 kgm. soil with 1 liter water for 30 minutes, filtering after adding a 
little OaS 04 , and making filtrate up to 1 liter. 

Yeast + soil extract medium (Medium YS): soil extract medium plus 1.0 gm. yeast 
extract per liter. 

All media were tubed in 5-ml. amounts. Transfers of each organism were 
made by loop inoculation from soil extract semisolid. Cultures w^ere incubated 
at 26°-28° C. for 6 days and the growth responses of each isolate in the seven 
media recorded by assigning a turbidity value of 4 to the tube show’ing heaviest 
growth and rating the others by comparison. To avoid assigning too great 
importance to small variations, a difference of not less than 2 points was con¬ 
sidered significant. Readings of 1 and 2 were regarded as showing submaximal 
growth. 

On the basis of their growth in the seven media, the organisms could be di¬ 
vided into the following groups: 
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I. Bacteria with simple requirements. These bacteria show good growth in 
medium B and are therefore capable of sjmthesizing their requirements for 
maximum growiih from ingredients of the glucose-nitrate-salts medium. Growth 
is not significantly better in any of the other media. 

II. Bacteria requiring one or more amino adds. These organisms grow well in 
medium A but show either no growth or submaximal growth in medium B. 
Those which grow equally well in medium A and G obviously require only cys¬ 
teine since this is common to both. The majority of those showing maximum 
development in A, however, do not grow well in G, indicating a need for one or 
more of the other amino acids present in the medium. 

III. Baeteria which require growth factors. These bacteria produce maximum 
growth in medium G but none or submaximal growth in B or A. Previous work 
(9) has shown that response to growth factors occurs best in the presence of 
cysteine, and that the more important growth factors are thiamin and biotin. 

IV. Bacteria requiring amino adds plus growth factors. The bacteria in this 
group show marimum development in medium AG, but show no growth or only 
submaximal growth in B, A, or G. Evidently, in addition to one ormore growth 
factors, these organisms require one or more amino acids of medium A apart from 
cysteine. 

V. Bcxteria requiring unidentified substances in yeast extract. These organisms 
show maximum growiih in medium Y, but fail to grow, or develop only slight^, 
in B, A, G, or AG. In the soil extract medium (S) growth in the great majority 
of cases is absent or meager, though a few members of the group show* growth 
equal to that in Y. 

VI. Bacteria requiring unidentified substances in soil extract. Organisms of this 
group are capable of maximum development in medium S,[but show none or sub¬ 
maximal growth in B, A, G, AG, or Y. 

VII. Bacteria requiring unidentified substances in both yeast extract and soil 
extract. These bacteria are capable of maximum development only in medium 
YS. In all of the media B, A, G, AG, Y, and S, growth is either absent or sub¬ 
maximal. 

It is obvious that further classification into subgroups could be made on the 
basis of growth response in the media selected. Thus distinction could be made 
between organisms showing no growih and those capable of submaximal growth 
in the basal medium or in other media. For the main purpose of this report 
classification is based on the seven main groups. 

Incidence of different nutritional groups in soil 

The relative incidence of the various nutritional groups of bacteria in the soils 
studied is shown in table 1. In the fertile soil, organisms capable of developing 
in the basal medium, or indeed in the “synthetic” media of known composition 
(groups I to IV), were less abxmdant than in the poor soil (39.4 per cent as com¬ 
pared with 52.8 per cent). On the other hand forms for which the more complex 
ingredients of yeast and soil extract are necessary (groups V to VII) w’ere rela¬ 
tively more numerous. Despite such differences, doubtless related to the higher 
content of organic matter in the better soil, the incidence of the different groups 
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does not appear to reflect markedly the pronounced difference in crop-producing 
capacity. The classification of bacteria on the basis of nutritional requirements, 
however, indicates certain differences between soils not brought out by classifi¬ 
cation based on morphology' (7). 

Table 1 also gives the bacterial groups as determined at different seasons. In 
October, or ganisms requiring amino acids and growth factors for maximum 
growth were less abundant than in June, a result which appears explicable in view 
of the effect of an actively growing crop. In other respects little differences be¬ 
tween the two sampling dates were noted. 

TABLE 1 


Nutritional groups of soil hacieria in relation to fertility and season 



SOZLN 

(mTEKmE) 

socLX CnEuixa) 

JUNE SAlfSUMG 

OCIOBER 

SAKFUNG 

Number of cultures on soil extract—yeast semi-^ 
solid. 

171 

16S 

175 

161 


«to. 

pereeni 

«0. 

\pereent 

no. 

pereaU 

no. 

percent 

Nutritionad group 

I. Good growth in basal me- 

dbiTifi.. , . 

25 

14.6 

13 

7.9 

18 

10.3 

20 

12.4 

11. Eequire amino acids. 

14 

8.4 

20 

12.1 

18 

10.3 

16 

9.9 

III. Bequire growth factors. 

22 

12.8 

20 

12.1 

18 

10.3 

24 

14.9 

IV. Require amino acids and 
growth factors. 

29 

17.0 

12 

7.3 

29 

16.6 

12 

7.5 

V, Require yeast extract. 

16 

9.4 

37 

22.4 

24 

13.7 

29 

18.1 

VI. Require soil extract. 

12 

7.0 

5 

3.0 

11 

6.3 

6 

3.7 

VII. Require yeast and soil ex¬ 
tract. 

50 

29.2 

53 

32.1 

51 

29.1 

52 

32.3 

No arowth in test media. 

3 

1.8 

5 

3.0 

6 

3.4 

2 

1.3 


Relation of nutritional groups to morphological types 

To note any relationship between the nutritional requirements of the or¬ 
ganisms and their morphological grouping, aU isolates were subcultured on a 
variety of media, and microscopic observations were made to permit of their 
classification into broad groups. For this purpose the general procedure of 
previous work (4) was followed. Special attention was given to the detection of 
pleomorphic forms related to the group of corynebacteria and which in many soils 
comprise a numerically important group. 

As shown in table 2, the various nutritional groups of bacteria are not re¬ 
stricted to any definite morphological type of organism, but include for the most 
pai-t representatives of various forms, ^me of the less abundant morphological 
types, however, are restricted to certain groups, and certain trends in the distri¬ 
bution of the more abimdant types are noted. Organisms with simpler re¬ 
quirements (groups I and II) consist to a rather larger extent of sporeforming 
rods and Gram-negative nonsporing rods. In the case of organisms requiring 
the more complex ingredients of soil extract (groups VI and VII), pleomorphic 
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forms comprise a greater percentage of the total. There is, however, no clear- 
cut correlation of morphology with nutritional needs. 

RdaMon to certain Inochemical properties 

Table 2 also ^ows the relation^p of the different nutritional groups to cer¬ 
tain biochemical properties. To provide a medium suited to the growth of all 
organisms,' a base of soil extract with 0.02 per cent K 2 EPO 4 and 0.01 per cent 
yeast extract was used. The test media contained respectively 0.1 per cent 
KNOj, 1 per cent dextrose, and 10 per cent gelatin, the first two being semisolid 
(0.3 per cent agar). 


TABLE 2 

Nutritiondl reguiretnenU of soil bacteria in rdation to morphological type and some 

Mochendcal properties 


mmtmotuL SBom 



I 

n 

m 

IV 

D 

VI 

vn 

Total number of cultures... 

38 

34 

42 

41 

53 

17 

103 


Per cent 

perceia 


percMt 

percent 

percent 

percent 

Morphological group 



Mi 





Coed, Gramipositive. 

5.S 

8.0 


9.8 

15.1 

11.8 

11.6 

Cocci, Gram-negative. 

5.8 

0.0 

BH 

4.9 

8.8 

0.0 

0.0 

Rods, sporeforming. 

5.8 

17.6 

0.0 

7.8 

8.8 

0.0 

1.0 

Rods, nonsporing. Gram-positive. 

10.5 

11.8 

19.0 

29.8 

18.2 

11.8 

8.7 

Rods, nonsporing, Gram-negative. 

50.0 

52.9 

40.5 

17.1 

1 41.6 

28.5 

29.1 

Pleomorphic, Gram-positive. 

23.7 

11.8 

21.4 

81.7 

EEO 

41.2 

46.6 

Pleomorphic, Gram-negative. 

0.0 

8.0 

0.0 

0.0 

5.9 

11.8 

2.0 

Physiological group 








Nitrate reduction. 

42.2 

58.1 

52.5 

61.1 

56.8 

64,7 

64.0 

Gelatin liquefaction. 

67.6 

80.7 

72.5 

66.0 

52.2 

41.2 

57.8 

Dextrose 1 per centr-acid. 

48.6 

31.8 

52.5 

61.1 

86.8 

58.8 

38.6 

Dextrose 1 per cent--alkaline. 


81.8 

7.5 

5.6 

14.3 


44.5 

Inhibited by 1 per cent dextrose. 


6.2 

2.5 

0.0 

8.2 


16.4 


Ability to reduce nitrates, liquefy gelatin, or produce add in dextrose does not 
appear to be associated 'with any group or groups. Considerable variation -was 
noted in ability to produce an alkaline reaction in the dextrose medium. The 
effect of dextrose in suppressing gro'wth of many soil bacteria, pointed out pre- 
'viously (7), was again noted. It is seen that the organisms inhibited by the 
presence of the sugar are mainly those with the most complex nutritional re¬ 
quirements, especially group VII. 

ORGANISMS REQUIRING SOIL EXTRACT 

The bacteria of groups VI and VII comprised those for which soil extract, -witii 
or without yeast extract, was required for maximum gro-wth. Of the 120 cul¬ 
tures in these groups, 57 showed submaximal development in yeast extract 
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(medium Y). Th,e remamiug 63 cultures, comprising 19 per cent of the total 
isolates from soil, were unable to develop in medium Y (or in media B, A, G, AG 
or in one containing peptone with the addition of the growth factors) and were 
given special conaderation. All grew weU in medium YS, and of these, 8 showed 
equally good growth in soil extract without j'east (medium S), 42 gave sub- 
maximal growth, and 13 no growth. 

The morphologcal distribution of the organisms of this group, indicated below, 
showed a hi^er proportion of pleomorphic bacteria and of Gram-positive cocci 
than an 3 ' of the other nutritional groups: 


^ cent 


CJocd, Gram-podtive. 15.9 

Cocci, Gtam-negaUve. 1-6 

Rods, spoiefoiming. 0.0 

Rods, Giam-posilive. 3.2 

Rods, Gram-negative. 20.7 

Fleomorphic, Gram-positive. 67.3 

Pleomorphic, Gram-negative. 1.6 


Effect of treatment on soil extad 

Since all organisms grew well in soil extract with yeast extract (medium YB) 
and showed no growth with j-east extract alone (medium Y), comparisons were 
made with all organisnos in these media and in vadous media contaimng 3 'east 
extract to which were added respectively preparations of soil extract subjected 
to different treatments. Such addenda included soil extract ash; acetone, alco¬ 
hol, and ether extracts; the filtrate after treatment with Norit; the ammoniacal 
alcohol eluate of the Norit adsorbate; and a combination of charcoal filtrate and 
duate. In all cases the addenda were made to correspond with the volume of 
soil extract present in the control medium YS. 

The effects of the various treatments are summarized in table 3. Soil extract 
ash was able to provide substances required for maximum growth for only 1 
organism, and to permit of submaximal growth, in most cases very slight, of 8 
cultures. Of the various solvents used for extraction, acetone was the most 
effective. The acetone extract permitted growth of all but 11 organisms, 26 
showing manmum development. Treatment of soil extract with alcohol was 
much less satisfactory. The ether extraction removed from soil extract sub¬ 
stances suited to the growth of but 1 of the 63 cultures. Treatment with char¬ 
coal removed entirely the growth-promoting effect of soil extract for 49 of the 
cultures and partially for 11 organisms. Only 3 of the 63 cultures were capable 
of maximum growth with the charcoal filtrate. 

Elution of the charcoal with alcohol yielded an eluate which permitted maxi¬ 
mum or submaximal growth of 44 of the orgmisms. The results indicate that at 
least partial recovery of the adsorbed substances necessary for growth of the 
majority of the bacteria of this group could be made. A further test, in ■which 
the charcoal filtrate and eluate were both present, gave a still higher proportion 
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of the orgaoisms showing growth. The results suggest either a multiple nature 
of the factors required for some organisms, or more probably, incomplete ad¬ 
sorption and dution respectivdy under the experimental conditions. 


TABLES 

Effect <ff various treatments on growOi-promoting ‘properties 0/ sot! e^ract 


ADDENDA TO YEAST BapnfcACT (liEDinH V) 

NDIIBEE OF OSGANZSMS 

No growth 

Submaximal 

growth 

MftTitniiTn 

growth 

Controls 




Nil. 

63 

0 

0 

Soil extract, untreated. 

0 

0 

63 

Soil extract fractions 




Ash. 

54 

8 

1 

Acetone extract. 

11 

26 

26 

Alcohol extract. 

29 

27 

7 

Ether extract. 

62 

0 

1 

Charcoal filtrate. 

49 

11 

3 

Charcoal eluate. 

19 

36 

8 

Charcoal filtrate + eluate. 

9 

38 

16 


Extads from soUs 0/ different fertiHiy 

To note the effectiveness of extracts prepared from soils of different pro¬ 
ductivity, comparisons were made between the poor soil (N) and the fertile soil 
pC), the average relative crop-producing powers of which over a 5-year period 
were as follows: 

Timothy Mangds Oats ' Clover 


Soil N. 64 9.5 72 42 

SoilX. 100 100 100 100 


Tests were made with 15 organisms in media prepared with extracts of the two 
soils incorporated with medium Y. The results, given in table 4, show the pro¬ 
nounced difference in growth-promotu^ ability of the extracts from the two 
soils for most of the organisms tested. The good growth of certain cultures with 
the extract of the poor soil indicates the varied nature of the requirements of 
different oiganisms and that more than one growth-promoting substance may be 
present in soil extract. 

OrowQirfromoting effed of group I organims 

Table 4 also includes results of a test to note whether the nutiffite effect of soil 
extract could be replaced by a filtrate from cultures of bacteria of group I, capable 
of synthesizing thdr growth requirements from the ingredients of the basal 
medium. Five cultures of group I organisms sdected at random were grown in 
mmliiiTn B. When TnavimiiTn growth was reached the cultures were combined 
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and passed throu^ a Seitz filter. To 3 parts of medium Y, 1 part of filtrate was 
added. Mve of the test organisms grew well and two others responded slightly 
to the addition of the filtrate, indinating that for some of the more fastidious soil 
bacteria the growth-promoting effect of sod extract could be supplied b5’ meta¬ 
bolic products of other or^misms having simpler requirements. This is of in¬ 
terest in view of the ability of certain soil microorganisms to produce amdns (5). 

The filtrates used were ineffective for other test organisms, indicating dis¬ 
tinctly different growth requirements and further suggesting the presence of 
more than one growth-promoting factor in soil extract. Since the number of 

TABLE 4 

QrowOi-fromoting effect of extracts from soils cf different fertility and of filtrates of 

group I organisms 


SELA.TIVE GSOWTH* IK KEDnnC Y FLUS ADDENDA 


CULTURE NUlfBER 

Nil 

Extract from poor 
soUCN) 

Extract from fertile 
sf^CS) 

Filtrate from 
culture of bacteria 
of group I 

1N13 

0 

2 

4 

0 

1NI8 

0 

0 

4 

4 

1N51 

0 

4 

4 

3 

1N69 


0 

4 

0 

1X17 

0 

0 

4 

0 

1X21 

0 

0 

4 

0 

1X55 

0 


4 

0 

1X67 

0 

4 

4 

0 

2N2 

0 

0 

4 

0 

2N7 

0 

2 

4 

1 

2N11 

0 

0 

4 

3 

2N18 

0 

0 

4 

0 

2N20 

0 

0 

4 

1 

2N40 

0 

0 

4 

4 

2N58 

0 

0 

3 

4 


* A turbidity value of 4 indicates heavy growth; lower values indicate correspondin^y 
less growth. 


group I or^nisms used was small, it is by no means improbable that other 
members of this group would be able to furnish substances suited to other test 
organisms unable to grow with the filtrates provided. The results emphasize the 
interdepend^ce of many members of the soil microflora. 

DISCUSSION 

The clasrification of soil bacteria on the basis of nutritional needs reveals the 
presence of groups, varying in requirements from simple to very complex, the 
r^tive incidence of which may be fairly constant in soils of given type. Any 
broad system of nutritional grouping, howev^, may give a ftdse impression of 
uniformity in of the members of a given group. Previous work on mor¬ 
phological and general biochemical clasrification (^) bioi^t out the variabOily 
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inherent in apparently closely related types. The present nutritional studies 
emphasize the divergencies possible between members of the same group. The 
nutritional basis of grouping, however, serves as a better aid to any understand¬ 
ing of the function of the organisms in soil. 

TABLE 5 


NiUritional requiremenls as indicated hy growth* in various media, of organisms of 
group IV {amino aci^ and growth factors) 


CDLTDSE 

NTOCBEK 

coastmoL 

iUEDTUU 

AC) 

AlllMO Acms PLUS SINGLE GROWTH TACIOSS 

GXOWIH FACIOKS PLUS SINGLE AlONO ACIDS 

Thiamin 

Biotin 

Pyridoxin 

Pantothenic acid 

Nicotinic acid 

Riboflavin 

Inositol 

Alanine 

Proline 

Asparagine 

Glutamic acid 

Aspartic acid 

Arginine 

Leucine 

Glycine 

Lysine 

INI 

4 

2 

2 

m 

II 

2 

m 

n 

R 

3 

H 

n 

R 

3 

1 


0 

7 

4 

O 

1 

1 

H 

o 

2 

H: 

0 

o 

0 

D 

R 

1 

1 


0 

8 

4 

3 

4 

1 

2 

1 

2 

2 

2 

2 

4 

3 

4 

4 

2 


2 

9 

4 

4 

4 

4 

1 

1 

2 

1 

4 

1 

1 

2 

1 

1 

1 


1 

14 

4 

D 

2 

o 

0 

o 

0 

0 

0 

o 

1 


B 

B 

4 


1 

15 

4 

II 

1 

0 

0 

0 

1 

0 

0 

1 

B 


B 

2 

0 


0 

25 

4 

II 

tr 

0 

0 

0 

0 

0 

0 

o 

o 


B 

B 

4 


0 

31 

4 

2 

3 

1 

1 

tr 

1 

tr 


2 

4 


3 

4 

2 


2 

36 

4 

3 

2 

o 

0 

0 

1 

0 


o 

1 


D 

B 

1 


0 

38 

4 

4 

2 

1 

0 

0 

0 

o 

3 

3 

4 

3 

2 

4 

4 


1 

39 

4 

4 

4 

2 

a 

n 

1 

2 

4 

4 

4 

4 

3 

4 

3 


3 

46 

4 

1 

2 

0 

Q 

Q 

0 

1 

4 

4 

4 

4 

4 

4 

4 


2 

47 

4 

2 

2 

1 

□ 

U 

0 

1 


3 

3 



B 

4 


0 

50 

4 

4 

4 

1 

H 

n 

2 

1 



1 



D 

B 


1 

54 

4 

tr 

4 

0 

H 

H 

0 

B 



3 



4 

B 


4 

63 

4 

4 

4 

2 

n 

M 

0 

M 



1 



2 

2 


1 

71 

4 

4 

1 

0 

0 


0 

il 



B 

0 


1 

4 


0 

1X10 

4 

o 

4 

0 

0 


0 

1 

0 


D 

0 


2 

3 


4 

11 

4 

1 

2 

0 

0 

tr 

0 

0 

0 

4 

8 

B 

0 

4 



3 

33 

4 

3 

3 

4 

3 

4 

3 

3 

0 

1 

B 

B 

0 

B 



0 

35 

4 

1 

3 

2 

n 

n 

0 

0 

1 

n 

B 

il 

0 

0 


0 

0 

56 

4 

4 

tr 

tr 

11 

D 

0 

0 

o 

n 

1 

1 

1 

0 


0 

0 

61 

4 

4 

3 

0 

11 

M 

2 

2 

2 

4 

4 

B 

B 

4 

4 

4 

4 

63 

4 

3 

3 

2 

1 

1 

1 

1 

O 

2 

4 

3 

4 

3 

3 

0 

1 

68 

4 

3 

2 

o 

1 

1 

1 

1 

1 

o 

1 

B 

B 

B 

1 

4 

1 

72 

4 

4 

3 

1 

1 

m 

B 

1 

4 

3 

4 

4 

1 

1 

2 

3 

1 


* A turbidity value of 4 indicates heavy growth; lower values indicate correspondingly 
less growth. 


Illustrative of the differences in specific nutritional requirements between or. 
ganisms of the same group are results from a more detailed study of cultures of 
group IV, all requiring amino acids plus growth factors for maximum growth- 
Each culture was inoculated into 17 different media, including medium AG as 
control and two series of media, one with aU amino acids plus single growth fac¬ 
tors, and one with all growth factors plus dn^e amino acids. From table 5 it is 
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seen that mthin the group there are wide differences in individual nutritional 
requirements. The results surest that the indigenous soil bacteria may exercise 
hi^y specialized functions, such as the utilization of specific chemical com¬ 
pounds formed during the process of decomposition of organic matter. The 
variability brou^t out by more detailed study of related organisms further em¬ 
phasizes the difficulty in classification of soil bacteria. 

There is comparative!}' little exact knowledge of the occurrence of bacterial 
groYi’th factors in soil. The presence of ■vitamins of the B group, most of which 
are important for the nutrition of many bacteria, is probable in soils receiving 
organic fertilizer. Sanborn (6) has ^own that during the decomposition of 
plant material in soil, growth accessory factors for cellulose-decomposing bacteria 
may be elaborated. Lilly and Leonian (2) have demonstrated the presence of 
thiamin, and the occurrence of biotin in plant and animal tissue and in manure 
may well accoimt for its presence in well-fertilized soils. Furthermore West 
(8) has shown that measurable quantities of thiamin and biotin may be excreted 
by the roots of seedlings. 

Results from our studies with organisms requiring soil extract suggest the 
presence of other, probably unknown, microbial growth factor's in soil. This 
group showed no growth with the nutrilite supplement, which included thiamin, 
biotin, ribofiavin, pyridoxin, pantothenic acid, nicotinic acid, and inositol, sug¬ 
gesting that the growth-promoting properties of soil extract for this group are to 
be ascribed to factors other than those named. Differences in response of cer¬ 
tain organisms to extracts from different soils as well as to the nutrilite effect of 
filtrates of other soil organisms appear to indicate the presence of more than one 
such growth-promoting factor in soil. 

SXTMUABY 

Based on a determination of growth requirements, a classiGcation was made of 
soil bacteria isolated by nonselective plating methods. Seven main nutritional 
groups were recognized, ran^g from organisms capable of maximum develop¬ 
ment in a ample basal medium to types unable to develop -with supplements of 
amino acids, growth factors, or yeast extract, but which require soil extract for 
growth. The more fertile soil of two studied showed a hi^er proportion of types 
■with more complex growth requirements than the poorer soil. 

More detailed study of the requirements of individual cultures of one group 
(requiring amino acids and growth factors) showed wide variations between re¬ 
lated forms. The results surest that many soil bacteria exercise functions of a 
highly specialized nature. 

Correlation of nutritional requirements ■with morphological t3q>e did not 
reveal any clear-cut relationship, though certain trends were noted. Organisms 
with simpler requirements consisted to a larger extent of sporeforming rods and 
Gram-negative nonsporing rods. Pleomorphic forms related to coiynebacteria 
comprised a greater proportion of organisms with more complex nutritional 
needs. 

Bacteria requiring soil extract for growth comprised 19 per cent of the isolates 
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from soil. For the great majority of these forms, the growth-promoting prop¬ 
erties of soil extract were dependent upon a factor or factors not concerned with 
the ash constituents, but present in the acetone extract and capable of adsorption 
by charcoal and of recovery by elution. Since the organisms showed no 
growth with a combination of seven known growth factors, it is suggested that 
the growth-promoting properties of soil extract for this group of bacteria are to be 
ascribed to factors other than these. Soils may vary greatly in the effectiveness 
of extracts prepared from them for certain organisms. 

For certain organisms requiring soil extract, the nutrilite effect of the latter 
could be replaced by a filtrate from cultures of other soil bacteria capable of max¬ 
imum development in simple basal medium. For other organisms, similar fil¬ 
trates were ineffective, indicating different growth requirements and suggesting 
that soil extract contains more than one growth-piomoting factor. 
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The Economics of Soil Conservation. By Aethuk C. Btjncb. The Iowa State 
College Press, Ames, 1942. Pp. 227, figs. 4. Price, $3. 

In this book a weU-mformed soil-minded economist considers the interrelation¬ 
ships between the technological and the economic problems involved in soil con¬ 
servation as an objective of social planning. Of the 12 chapters, the followii^ 
deserve special mention: the relationship of rent to the elasticity of production 
and intenrity of land use; exploitation of virgin fertility and the int^isive and 
extensive mai^ins; price chac^ and conservation; the individual and fertility 
maintenanoe; the individual and conservation when exploitation induces erosion 
or soil deterioration; society and conservation; methods of soil control over land 
use; problems of measurement in conservation planning; war and conservation; 
the formulation of public policy and action. This hi^y instructive book merits 
a careful reading by every intelligent man \rixo has an 3 rthmg whatever to do with 
the formulation of policies relating to soil conservation and land use. 

Field Crops. By Howard C. Bather. McGraw-Hill Book Company, Inc., 
New York, 1942. Pp. 454, illus. 130. Price, 13.75. 

A well-written and well-illustrated textbook dealing with the theory and prac¬ 
tice of crop production, and with land management in relation thereto. Among 
the chapter headings are: soil conservation and management, tillage and culti¬ 
vation, legumes for forage, haymaking, silage, pasture and pasture management, 
com, wheat and rye, oats and barley, potatoes and sweet potatoes, cotton, 
tobacco, and crop improvement. One cannot but be impressed with the enor¬ 
mous amount of practical information required in the writing of this book. 

Field Crops and Land Use. By Joseph F. Cox akd Ltman Jackson. John 
Wiley and Sons Company, New York, 1942. Pp. 473, figs. 150. Price, $3.75. 
A comprehensive discussion of the problems involved in the production of the 
great variety of crops that are grown in the United States. The first third of 
the book is devoted to a consideration of crop adaptations, crop rotations, fer¬ 
tility maintenance, soil conservation, control of weeds and plant pests, and the 
use of cover crops; and the last two thirds, to the individual food, feed, and fiber 
crop plants. The illustrations are excellent. The book is dedicated to pn^res- 
sive farmers, and every such farmer should find it useful in plannmg his cropping 
program. In proportion as the war period lengthens and food needs increase, 
there will be greater need to reexamine our crop production plans to the end that 
full use be made of our land and labor resources. This book will be of help in 
that connection. 

Food for Thought. By Herman Frederick Wujusib and Paux John Ko- 
lACHER. Indiana Farm Bureau, Inc., Indianapolis, 1942. Pp. 209, figs. 28. 
Price, $2. 
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This book deals with the possible production of alcohol from unsalable por¬ 
tions of com, small grains, sugar beets, potatoes, and sweet potatoes. Consid¬ 
eration is to the technical aspects of the use of ethyl alcohol as a motor 
fuel, the possibilities in building community distilleries, the amounts of raw 
materials that would be required, the cost of producing them, and the develop¬ 
ment and design of a continuous cooking and mashing system and of a continu¬ 
ous process for the production of pure cultures of distiller’s yeast. The point 
of view presented is that it is entirely feamble for farmers to produce their own 
farm fuel and that if this were done it would have a stabilizing influence on crop 
prices and indirectly on general business conditions. A highly instructive and 
interesting presentation of this problem. 

Qeomarphailogy. ByO. D. voNENGBLJr. The Iklachlillan Company, New York, 
1942. Pp. 655, illus. 372. Price, $4.50. 

The title of this book su^ests discourse on the form of the earth, but the con¬ 
tents include not only a discu^on of land forms but of the form of the earth as 
a whole, and of its continents and oceans, as well. The book is of special in¬ 
terest to workers in the field of soil conservation in that it deals with the larger 
aspects of erotion by wind and water and lays the groundwork for a more de- 
tmled consideration of the effects of these two types of erosion on the soil itself. 
The illustrations are exceptionally clear-cut and instractive and emphasize the 
quotation from Tao Te Ching, 240 B.C., with which the author begins bis dis¬ 
course: ’'Nothing imder heaven is softer or more yielding than water; but when 
it attacks things hard and resistant there is not one of them that can prevail.” 

Handbook of Chemisiry. Fourth Edition. Compiled and edited by Nosbebt 
Adolph Lahge. Handbook Publishers, Inc., Sandu^, Ohio. Pp. 1603, 
plus an appendix of 271 pages of mathematical tables and formulas, and an 
index of 35 pages. Price, $6. 

An exceptionally useful book containing information on a great variety of 
subjects beginning with first-aid measures for accidents and antidotes for poi¬ 
sons, and ending with the 200-year calendar. Of particular interest to those in 
the field of soil and plant science are the parts dealing with properties of miner¬ 
als, the vitamins, electrometric determination of hydrogen-ion concentration, 
acid-base indicators, and laboratory solutions. Anyone in need of a ready ref¬ 
erence book will find almost everything he requires in this volume. 

Life and Work of C. F. Marbnt. Prepared for publication by H. H. Eruseeoff. 
Soil Science Society of America, G. G. Pohhnan, Sec.-Treas., Morgantown, 
West Virginia, 1942. Pp. 271. Price, 

As the title indicates, this book is dedicated to the memory of Curtis Fletcher 
IMarbut, professor of geology at the University of Missouri, 1895-1910, and soil 
scientist of the Bureau of Chemistry and Soils, U.S. Department of Agriculture, 
1910-1935. Its purpose is to bring together Marbut’s unpublished and less 
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accessible articles, along with interesting biographical material, and to evaluate 
his outstanding contributions to soil science. No specialist in this field can 
afford not to own a copy of this book for careful reading and ready reference. 

New Commercial Chemical Dictionary. Compiled by Axtonio Pehol Gtjeb- 
REBO. Chemical Publishing Co., Inc., Brooklyn, New York. Pp. 600. 
Price, $10. 

A Spanish-English and English'Bpanish dictionary, including conversion 
tables of weights, measures, and monetary units. The need for this dictionary 
arises out of the rapid industrial development in the United States and its far- 
reaching effects on the Spanish-speaking countries to the south. Many of the 
technical and commercial words employed in the United States have no corre¬ 
sponding Spanish words. The dictionary attempts to set a standard of ter¬ 
minology for all such words and to that end has selected some 50,000 words for 
inclusion in this volume. The dictionary will be highly useful to those who are 
concerned in any manner with Central and South American relationships. 

The PecAa of New Jersey and Their UtiluMion, Part A. Selman A. Waksman. 
BuQetin 55, Geological Series, Department of Conservation and Development 
of New Jersey. Pp. 155, figs. 18. Price, $0.50. 

A survey of the development of our knowledge of the nature, origin, composi¬ 
tion, classification, and utilization of peats in this country and abroad. Atten¬ 
tion is directed to the confusion of terms used to designate peats and peat for¬ 
mations. The reasons for this confusion are examined in detail. An attempt 
is made to simplify the concept of peat as a whole, and of the various peat types 
as produced in different regions from different plants and under different topo¬ 
graphic and environmental conditions. The botanical and chemical critmia for 
the classification of peats are examined critically and evaluated. The relation¬ 
ships between available nutrients, plant associations, and peat formations are 
correlated. Four major and several minor types of peat are recognized. 

The Principles of Field Drainage. By H. H. Nicholson, Cambridge University 
Press. The Macmillan Company, New York, 1942. Pp. 165, figs. 29. 
Price, $3. 

The material in this book is based on 10 years’ study of field drainage prob¬ 
lems in England and Wales, especially those of heavy soils. Of greatest interest 
is the chapter dealing with mole drainage, the history of which goes back some 
200 years on the heavy clay soils of Great Britain, particularly those having 
very clayey subsoils. The essentials of this operation are the drawing of a 
metal mole throu^ the soil at a depth between 15 and 24 inches, the resulting 
ehftTinftla bring spaced from 3 to 5 yards apart. The cost is estimated at about 
one tenth of that involved in draining land b 3 ’' the use of tile, and there appears 
to be little difference in the effectiveness of the two ^sterns. Everyone con¬ 
cerned with field drainage will find this book of considerable interest and value. 
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TMs Land We Defend. By Hugh H. Bennett and Wiluam C. Prtob. Long- 
maos, Green and Company, New York, 1942. Pp. 107, Ulus. 21. Price, $1.60 
A popular presentation of the problem of soU conservation and the methods 
by which erosion losses are brou^t under control. The full-page illustrations 
are photographic reproductions showing severely eroded areas before and after 
conservation practices were adopted. The book can easUy be read in one even¬ 
ing and, as the wrapper suggests, should then be sent on to “some man in the 
Service who needs good reading.” 

of the Weather. By W. J. Hxjmpheeys. The Jacques CatteU Press, 
Lancaster, Penn^lvania, 1942. Pp. 400, figs. 44. Price, $4. 

This book is “one of the humanizing science series.” It tells about the weather 
in a manner that is suited to the needs of most of us who want to know the facts 
without having to work too hard to get them. One has the impression from 
reading the book that the author enjoys the weather—^the bad as well as the 
good. The illustrations are exceptionaUy wdl chosen, and the material is pre¬ 
sented in a manner that is both factual and entertaining. 

Weed Control. By Wii.fred W. Robbins, Alden S. Cbasts, and Richabd 
N. Ratnob. McGraw-Hill Book Company, Inc., New York, 1942. Pp. 543, 
figs. 202. Price, $5. 

A timely new book dealing with the weed problem from its early be^nning 
when introduced spedes spread westward with the population down to the pres¬ 
ent use of modem methods in weed control. Among the topics considered in 
the 16 chapters are: weeds and human affairs, reproduction, association with 
soils and crops, prevention of spread, principle of control, competition with 
crops, use of spra 3 r 8 , the application of chemicals for soU sterilization, including 
the chlorates, borates, arsenicals, and thiocyanates. A long list of up-to-date 
references is appended to each chapter. 
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THE SALT INDEX—A MEASIIEE OF THE EFFECT OF FERTILIZERS 
ON THE CONCENTRATION OF THE SOIL SOLUTION^ 

L. F. RADER, Js., L. M. WHITE,* and C. W. WHITTAKER 
Bureau of Plant Indusb-y, U. S. Department of Agrieullure^ 

Received for publication November IS, 1M2 

Germination of seeds may be prevented, or established crops may be injured 
by the presence of too much soluble salt in the soil. Such injury may occur even 
though aU elements which the plant requires for its proper nutrition are present 
in the normal proportions to one another and substances that may exhibit spe¬ 
cific plant toxicity effects, such as copper and zinc, are not present in excess. This 
type of injury must therefore be connected with the high concentration of the 
soil solution, and it has been commonly thought that the elevated osmotic pres¬ 
sure of such solutions is responsible for the injury. Most studies of the relation 
of the osmotic pressure to plant growth have been limited, however, to solution 
or sand cultures. Magistad and his co-workers, for example (3), have recently 
reported that growth reduction of several crops in sand cultures was linear with 
increasing osmotic pressure of the substrate over the range from 0.4 to 4.4 atmos¬ 
pheres and that a number of crop species died when the osmotic pressure of the 
culture solution reached 4.5 atmospheres. The presence of soil undoubtedly 
modifies the effect of the high salt content of the culture medium; nevertheless, 
the osmotic pressure of the soil solution must be an important factor in crop 
injury. 

Except imder unusual conditions the osmotic pressure of the soil solution 
should never become high enough to injure the crop when the fertilizer is uni¬ 
formly broadcast. When the fertilizer is localized in a small zone, however, as 
in various special placements, the soluble portion of the fertilizer dissolves only 
in the soil moisture immediately surrounding that zone. This results in local 
areas of salt solution many times as concentrated as that met with in broadcast 
application, and not infrequently injury to plants follows if due precautions are 
not taken. Such injury can be prevented by locating the fertilizer zone farther 
from the row, by reducing the amount of fertilizer, and by reducing the tendency 
of the fertilizer to injure the plant. In general, if no plant injury intervenes, most 
eflScient use of fertilizer will result when the zone is close to the row, as this place- 

^ A paper on the '^Efiect of Mixed Fertilizeis and Fertilizer Materials on the Concentra¬ 
tion of the Soil Solution” by the same authors and containing a portion of the material 
here presented, was given, as Paper No. 4, before the Division of Fertilizer Chemistry of the 
American Chemical Society at the 1942 Fall Meeting, Buffalo, New York, September 7 to 11, 
1942. 

» Present address: Western Regional Laboratory, Bureau of Agricultural Chemistry and 
Engineering, Albany, California. 

»Division of Soil and Fertilizer Investigations, Bdtsville, Md. This study would hardly 
have been possible without the expert assistance of various members of the Soil Survey 
and Soil Conservation Service in locating and collecting the soil samples. The authors 
wish to express their appreciation of this service. 
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ment will ensure less consumption of fertilizer by weeds and the roots of the new 
seedling will quickly reach the fertilizer, a desirable feature in infertile soils where 
the plant might otherwise make a slow start. Reducing the amount of fertilizer 
to avoid injury might mean going below the optimum amount of plant food. The 
possibility of reducing the tendency of the fertilizer to injure plants, thereby mak¬ 
ing placement of the optimum amount in the best position more feasible, is thus 
worthy of consideration. 

White and Ross (5) have shown how the effect of different fertilizers of the same 
grade on the concentration of the soil solution may vary widely in accordance 
with the materials used in their formulation. It is possible, for example, to 
formulate two mixed fertilizers of the same grade, such as 4-8-4, one of which will 
increase the osmotic pressure of the soil solution four times as much as the other 
when equal amoimts are applied. Obviously the optimum placements for these 
two mixtures may be markedly different. Ross, Adams, and Rader (4) have 
recently shown that fertilizers having relatively little effect on the osmotic pres¬ 
sure of the soil solution gave better yields when placed in bands one-half inch 
from the seed than did the same amount of the same grade of a fertilizer produc¬ 
ing large increases in the osmotic pressure when placed 2 inches from the seed. 
The latter fertilizer seriously reduced germination when applied at the rates used 
in this experiment and one-half inch from the seed. The materials used in the 
formulation of fertilizer mixtures differ with market conditions, with supply, and 
with other factors, and the mere statement of the grade is not sufficient to guaran¬ 
tee that the favorite grade of this year may not have a very different effect on the 
soil solution from the same grade of last year or the year before. Further discus¬ 
sion of these points is contained in the paper by White and Ross (5). 

It would be possible to determine the effect of each individual fertilizer on each 
soil, but this is unnecessary, since it has been found possible to predict the effect 
of complete mixed fertilizers from a knowledge of the effect that their individual 
components have on the soil solution. The present paper gives the results of a 
study of the osmotic pressure produced in the soil solution by numerous fertilizer 
materials and shows how these data, by means of a new quantity called the “salt 
index,” may be used to predict the relative effect of any mixed fertilizer the for¬ 
mula of which is known. A quantity called the ‘^osmotic index number,” de¬ 
signed for the same use, has been described by White.^ The salt index proposed 
at this time differs from the osmotic index only in the choice of sodium nitrate as 
a reference material instead of ammonium sulfate. White’s work was based on 
the limited data available in 1939, but the greatly extended data described in this 
paper confirm, in general, the conclusions drawn by White. 

GENERAL METHOD 

The osmotic pressure produced in the soil solution by a given salt application 
is the result of many factors. Among these may be mentioned the quantity of 

* **The Relationship Between the Salt Index of a Fertilizer and Its Most E£5.cient Place¬ 
ment in the Soil,” by Lawrence M. White. Ilnpublished paper given before the National 
Joint Committee on Fertilizer Application at its fifteenth meeting, held in New Orleans, 
November 21, 1939. 
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salt added, the amount of moisture in the soil, base exchange and other reactions 
into which the added salt may enter, the temperature, and the amount of biologi¬ 
cal action in the soil. Systematic investigation of the effect of all these variables 
is beyond the scope of the present study. Nevertheless it is possible to choose a 
set of conditions and by controlling these conditions to obtain reproducible results 
that may be considered as representing average circumstances. 

The apparatus and method used in this work have been described in detail by 
White and Ross (6) and will be discussed here m outline only. The fertilizer or 
salt to be tested was mixed with the air-dried soil that had been previously 
passed through a 2-inm. sieve and thoroughly mixed. The soil was then sprayed 
with sufficient water to bring the moisture content to 75 per cent of its moisture 
equivalent, after which it was stored in a closed container for 5 days at about 
5°C. This allows the soil and the added fertilizer to reach equilibrium or at least 
to arrive at a steady state where further change is very slow, and at the same time 
biological activity is reduced to a minimum. After 5 days the soil was allowed to 
come to room temperature and was then packed in the cylinder of the Burd- 
Martin apparatus (1) as described by White and Ross (6). So far as possible 
their exact technic was followed except that, with some soils, it was found neces¬ 
sary for best results to alter the degree of compaction. Conductivity and freez¬ 
ing point determinations were made immediately on the displaced soil solution. 
The freezing point lowering values were converted into osmotic pressure by 
means of the table of Harris and Gortner (2) with interpolation when necessary 
to give the osmotic pressure corresponding to each 0.001®C. In all subsequent 
discussion the expression ‘‘osmotic pressure” refers to the osmotic pressure so 
calculated. In computing acre applications of various materials the usual as¬ 
sumption was made that an acre of dry soil 6f inches deep weighs 2,000,000 
pounds. The total water-soluble salts in fertilizers w^ere determined by extract¬ 
ing 1 gm. on a 9-cm. filter paper with 250 cc. of water at room temperature, drying 
and weighing the extracted salt. 


MATERIALS 

The soils studied are listed m table 1 with their sources, silt, clay, and organic 
matter contents, pH values, and moisture equivalents and the osmotic pressures 
of the soil solutions of the unfertilized soils. These osmotic pressure values con¬ 
stituted the blank determinations that were deducted from the total osmotic 
pressures to obtain the increases due to the added materials. These blanks were 
redetermined frequently as the work progressed, but only minor variations were 
observed. The values in table 1 are the averages of these determinations. The 
Hagerstown silty clay loam and the Chester clay loam were virgin soils. All 
others had been cultivated but not recently fertilized prior to sampling. The 
osmotic pressures of the soil solutions of the unfertilized soils were therefore relar- 
tively low, and these blanks were, in most cases, a small part of the total osmotic 
pressure measured. AU soil samples were taken to a depth of 6 to 7 inches only, 
after all litter and vegetation had been removed. The clay and silt contents 
listed in table 1 show a wide range of values, indicative of great differences in 
texture and presumably in other soil properties. 
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Special fertilizer materials used in the osmotic pressure studies are listed in 
table 2. All these materials, except sulfate of potash-magnesia were prepared in 

TABLE 1 


Sources, moisture equivalentSj pH values, and silt, clay, and organic matter consents of soils 
studied, and osmotic pressures of soil solviions of the unfertilized soils* 


SQILTSFES 

1 

LOCATION 

NOXSTUSE 

EQUIVA¬ 

LENT 

xSi 

OS&COTIC 

PXES- 

sxntEt 

SILT 

0.03-0.002 

IOC. 

CLAY 

<0.002 

IOC. 

ORGAinC 

MATTCat 



percent 


aim. 

percent 

percent 

percent 

Norfolk sand 

Edgeville Co., South 
Carolina 

5.1 

5.4 

0.349 

10.6 

4.2 

0.1 

Sassafras sandy 
loam 

Gloucester Co., New 
Jersey 

13.1 

5.5 

0.410 

22.2 

7.2 

1.2 

BLartsells silt 
loam 

Cumberland Co., Ten- 1 
nessee 

21.9 

4.9 

0.320 

54.0 

14.6 

2.2 

Cecil clay 

Abbeville Co., South 
Carolina 

26.3 

4.9 

0.070 

22.1 

41.3 

0.2 

Hagerstown 
day j 

Washington Co., 
Maryland 

27.7 

7.6 

0.390 

41.5 

43.2 

0.3 

Hagerstown 
silty day 
loam 

Washington Co., 
Maryland 

31.6 

7.0 

0.428 

76.9 

12.9 

0.8 

Chester day 
loam 

Montgomery Co., 
Maryland 

32.5 

4.4 

0.362 

48.7 

20.4 

3.7 

i 


* pH determinations by E. H, Bailey. Mechanical analyses and moisture equivalent 
determinations by E. F. Miles and T. M. Shaw. 

t Osmotic pressure of the soil solution of the unfertilized soil. 
t Organic matter dissolved by HaOj. 


TABLE 2 

Percentage composition of special fertilizer materials used in salt index studies 


HATSaOAL 

EQUIVA¬ 

LENT 

m 

NaQ 

KsSOi 

MffS04> 

l&O 

Ca50i>2Hf0 

XNSOLT7BLE 

ICATERIAL 

Eainite. 

12.5 

20.0 

49.5 


15.5 

6.3 

8.7 

Kainite. 

17.5 

28.0 

44.8 1 


15.5 

6.3 

5.4 

Manure salts. 

20.0 

32.0 

42.5 


15.5 

6.3 

3.7 

Manure salts. 

30.0 

48.0 

21.3 


15.5 

6.3 

8.9 

Potassium chloride.. 

50.0 

79,2 

12.0 


2.0* 

1.0* 

5.8 

Potassium chloride.. 

60.0 

95.0 

5.0 




Sulfate of potash- 








magnesia. 

22.0 


2.0 

41.0 

56.0* 

i 1.0* 

[ 


* Percentage of the anhydrous compound. 


the laboratory to give the compositions indicated. These particular composi¬ 
tions were chosen because they approximate the average compositions of these 
materials indicated by numerous analyses recorded in the bulletiiis of various 
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state control laboratories.^ The sulfate of potash- magnesia is the domestic 
product originating in the Xew Mexico potash fields. 

The experimental mixed fertilizers prepared especially for this study aa’e listed 
in table 3. These fertilizers were prepared chiefly from commercial materials, 
except as noted in footnotes. Fertilizers 1 to 6 inclusive, referred to in later 
tables, were prepared by White and Ross (6) and the data on them were fur¬ 
nished by those workers. Fertilizer 109, also referred to later, differs from 

TABLE 3 


Composition of experimetUal mixed fetiUizers used in salt index studies 
Pounds per ton 


KATERXAL 

6-S-i 
NO. 101 

NO. 102 

6n8-4 
NO. 103 

6-a4 
NO. 104 

M2>6 
NO. 105 

9-12-6 

NO. 106 

9-12-6 
NO. 107 

9-12-6 

NO. 108 

Ammonia (anhydrous), 82.2 per 









cent N . 

30.0 


24.0 


36.0 




Ammonium sulfate, 20.9 per cent N.. 

143.5 

191.3 

143.5 

191.3 




191.4 

Cal-Nitro*, 25.5 per cent N. 

78.4 


78.4 


19.6 




Potassium nitrate, 13.7 per cent N, 









44.4 per cent K2O. 





270.2 


231.9 


Sodium nitrate, 16.3 per cent N ... 


490.7 


^.7 


428.4 


464.0 

Uramon, 42.1 per cent N. 

106.8 


118.7 


208.6 

59.3 

151.9 


Cottonseed meal, 6.9 per cent N.. 





289.9 


434.8 

144.9 

Ammonium phosphate, 10.6 per cent 









N, 47.0 per cent P2O6. 







510.2 

510.2 

Superphosphate, 19.6 per cent P2O6.. 

816.3 

816.3 

816.3 

816.3 





Superphosphate, 48.5 per cent P2O5 . 





490.4 

490.4 



Potassium chlorideti 57,2 per cent 









K2O. 

140.0 

139.8! 





29.7 


Kainitt, 16.5 per cent K2O. 



484.9 

457.1 





Manure salt§, 29.8 per cent K2O... 






402.1 


402.1 

Dolomite. 


mmni] 


44.6 

iSi 

284.7 

392.5 

287.4 

Sand. 

399.0 

261.9 

48.2 


n 

18.0 

249.0 



* 74 per cent NSUNO* and 26 per cent dolomite. 

t Partial index number for one unit — 2.007 by interpolation between 50 and 60 per cent 
KCl. 

130.62 per cent Ed 40 per cent calcined kieserite + 29.38 per cent Nad. 

§ 45 per cent Ed 4- 45 per cent Nad 4-10 per cent dolomite. 

fertilizer 108 only in the use of sand instead of dolomite to fill out the formula. 
Number 109 is th^efore essentially a calcium-free fertilizer. Low, medium, 
and bi gb analysis mixtures were included in those studied, and the pmrs 2 and 3, 
105 and 106, and 107 and 108 were desired to show very low and very high 
effects on the osmotic pressure of the soil solution by fertilizers of the same 
analysis. The commercial fertilizers studied are listed in table 4. These also 
are of vaiying analsrsis, and, as diown later, vary more than twofold in thdr 
effect on the osmotic pressure of the soil solution. 

' Private communication from A. L. Mehring. 
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TABLE 4 

Composition of commercial mixed fertilizers used in salt index studies 
Pounds per ton 

8-24r8 8-24-8 8-16-16 8-16-1618-12-20 18-12-20 12-16-12112-16-121 4-12-4 

NO. 9 NO. 11 NO. 12 I NO. 13 ■ NO. 14 NO. IS NO. 16 NO. 17 NO. 18 


Ammonium sulfate, 

20.0 per cent N. 228 

Ammonium sulfate, 

21.0 per cent N. 270 245 350 820 300 146 150 

Cyanamid, 22.0 per 

cent N. 60 60 

Cyanamid, 21.0 per 

cent N. 20 70 

Potassium nitrate, 13.0j 
per cent N, 42.5 i)er 

centKaO. 120 170 

Sodium nitrate, 16.3 

per cent N. 100 100 

Sodium nitrate, 16.5 
per cent N 260 

Urea, 46.6 per cent N.. 152 87 87 300 

UAL-B, 45.3 per cent 

N. 198 120 157 

Nitrogen solution 4, 

37.0 per cent N. 170 m 157 180 100 

Garbage tankage. 100 

Cocoa meal. 100 

Agrinite. 100 

Ammonium phos¬ 
phate, 11.0 per cent 
N, 48.0 per cent 

PaOs. 530 390* 

Superphosphate, 18.0 

per cent P 2 O 5 . 890 1325 

Superphosphate, 45.2 

per cent PjOe. 510 1043 710 710 | 530 530 300 710 

Potassium chloride, 

60.0 per cent KsO... 270 270 450 540 550 670 60 400 164 135 

Calcined Meserite, 

33.5 per cent MgO.. 110 110 

Conditioner. 100 150 100 100 110 163 210 100 

Dolomite. 160 187 161 110 160 187 338 60 


* Ammo-Phos B, 20.0 per cent N, 49.0 per cent P 2 O 5 . 


OSMOTIC PRESSURE INCREASES DUE TO SINGLE PERTHIZER MATERIALS 

AH together, about 46 single fertilizer materials were studied for their ejBFect 
on the osmotic pressure of the soil solution of Norfolk sand. Many of these 
were also studied on six other soils, and several were studied at varying rates 
of application on the various soils but especially on the Norfolk and Cecil soils. 
Only data necessary to the discussion are presented here, in tables 5 and 6, Some 

















sa.lt index of fertiuzers 


207 


TABLE 5 


Increase in osmotic pressure of soil solutions of several soils due to varying applications of 

fertilizer materials 



* “Nutrient” refers to nitrogen (N) in the nitrogen carriers, to potash (EsO) in the 
potash carriers, and to phosphorus (PsOs) in the phosphorus carriers. 

of the materials studied are not ordinarily used directly in fertilizers but were 
included because they may occur incidentally in fertilizer materials, such as 
sodium chloride in manure salts, or may be formed as the result of reactions 
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TABLE 6 


Data for calculating salt indexes of mixed fertilizers 


MATBRIAl. 

ANALYSIS* 

JNCSLASE 

IN 

osiionc 

FRESSUXEt 

ICATESIAL 
PER UNIT 
PLANT 
POOD 

SALT 

QIDEXt 

FACTOR§ 

PARTIAL 

INDEX 

NUUBESli 


percent 

aim. 

cwt. 




Nitrogen carriers 







Arnmnnia^* * § . 

82.2 

.2776 

0.243 

47.1 

2.352 

0.572 

Ammonium acid carbonate**. 

17.7 

.0370 

1.130 

6.3 

0.314 

0.354 

Ammonium nitrate**. 

35.0 

.6180 

0.571 

104.7 

5.237 

2.990 

Ammo-Phos A. 

11.0 

.1585 

1.818 

26.9 

1.343 

2.442 

Ammo-Phos B. 

^.8 

.1840 

0.962 

31.2 

1.559 

1.500 

Monoammonium phosphate**. 

12.2 

.1766 

1.639 

29.9 

1.497 

2.453 

Diammonium phosphate**. 

21.2 

.2020 

0.943 

34.2 

1.712 

1.614 

Ammonium sulfate**. 

21.2 

.4070 

0.943 

69.0 

3.449 

3.253 

Calcium nitrate** (4H20)tt. 

11.9 

.3095 

1.681 

52.5 

2.623 

4.409 

Cal-Nitro. 

20.5 

.3605 

0.976 

61.1 

3.055 

2.982 

Cyanamid. 

21.0 

.1830 

0.952 

31.0 

1.551 

1.476 

Nitrogen solution 2A. 

40.6 

.4619 

0.493 

78.3 

3.915 

1.930 

Nitrogen solution 3. 

40.8 

.4152 

0.490 

70.4 

3.519 

1.724 

Nitrogen solution 4. 

37.0 

.4589 

0.541 

77.8 

3.889 

2.104 

Organic ammoniates. 

3.0 

.0207 

6.667 

3.5 

0.175 

1.169 

Organic ammoniates. 

5,0 

.0207 

4.000 

3.5 

0.175 

0.702 

Organic ammoniates. 

7.0 

.0207 

2.857 

3.5 

0.175 

0.501 

Organic ammoniates. 

9.0 

.0207 

2.222 

3.5 

0.175 

0.390 

Organic ammoniates. 

11.0 

.0207 

1.818 

3.5 

0.175 

0.319 

Organic ammoniates. 

13.0 

.0207 

1.538 

3.5 

0.175 

0.270 

Potassium nitrate**. 

13.8 

.4345 

1.449 

73.6 

3.682 

5.336 

Sodium nitrate**. 

16.5 

.5900 

1.212 

100.0 

5.000 

6.060 

Uramon. 

42.0 

.3916 

0.476 

66.4 

3.318 

1.679 

Urea**. 

46,6 

.4460 

0.429 

75.4 

3.771 

1.618 

Urea-ammonia liquor 37. 

37.1 

.1563 

0.539 

26.5 

1.325 

0.714 

Urea-ammonia liquor A. 

45.4 

.2463 

0.441 

41.7 

2.087 

0.920 

Urea-ammonia liquor B. 

46.3 

.2774 

0.442 

47.0 

2.361 

1.039 

Phosphaie carriers 







Ammo-Phos A. 

48.0 

.1586 

0.417 

26.9 

1.343 

0.560 

Ammo-Phos B. 

49.0 

.1840 

0.408 

31.2 

1.669 

0.636 

Monoammonium phosphate**. 

61.7 

.1766 

0.324 

29.9 

1.497 

0.485 

Diammonium phosphate**. 

53.8 

.2020 

0.372 

34.2 

1.712 

0.637 

Monocaldum phosphate**(H20)tt. 

56.3 

.0911 

0.355 

15.4 

0.772 

0.274 


* By “analyas” is meant the percentage of N in nitrogen carriers, of P2O6 in phosphate 
carriers, of KaO in potash carriers, of MgO in magnesium carriers including dolomite, of 
CaO in calcium carbonate and gypsum, and of Na^O in sodium chloride and sulfate, 

t Produced in soil solution by 100 pounds of material per acre, 

j Ratio of increase in osmotic pressure produced by material to that produced by same 
weight of sodium nitrate, based on salt index of 100. 

§ Salt index divided by 20. 

II Salt index per unit of plant food supplied. 

** Chexnically pure, 
tt Water of crystallization. 
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TABLE 6 —Coniinued 


UAXEBIAL 



MA.TES1AL 
PER Tnm 
PLAllT 
FOOD 

i 

SALT 

lND£Zt 

factor! 

i 

PARTIAL 

INDEX 

number!! 


peremt 

atm. 

ewL 




Phosphate cflmerj‘--<;;ontmued 







Monopotassium phosphate**. 

52.2 

.0495 

0.383 

8.4 

0.420 

0.161 

Monosodium phosphate**(H2O)ft- 

51.4 

.2133 

0.389 

36.2 

1.808 

0.703 

Dimagnesium phosphate** 







(3H.O)tt. 

40.7 

.0254 

0.491 

4.3 

0.215 

0.106 

Superphosphate. 

16.0 

.0460 

1.250 

7.8 

0.390 

0.487 

Superphosphate. 

18.0 

.0460 

1.111 

7.8 

0.890 

0.433 

Superphosphate. 

20.0 

.0460 

1.000 

7.8 

0.390 

0.390 

Superphosphate. 

45.0 

.0595 

0.444 

10.1 

0.604 

0.224 

Superphosphate. 

48.0 

.0595 

0.417 

10.1 

0.504 

0.210 

Potash earners 







Kainit. 

12.5 

.6250 

1.600 

105.9 

5.297 

8.475 

Kainit. 

17.5 

.6455 

1.143 

109.4 

5.470 

6.253 

Manure salts. 

20.0 

.6650 

1.000 

112.7 

5.636 

5.636 

Manure salts. 

30.0 

.5425 

0.667 

91.9 

4.598 

3.067 

Potassium chloride. 

50.0 

.6457 

0.400 

109.4 

5.472 

2.189 

Potassium chloride. 

60.0 

.6860 

0.333 

116.3 

5.814 

1.936 

Potassium chloride**. 

63.2 

.6745 

0.317 

114.3 

5.716 

1.812 

Potassium nitrate**. 

46.6 

.4345 

0.429 

73.6 

3.682 

1.580 

Monopotassium phosphate**. 

34.6 

.0495 

0.578 

8.4 

0.420 

0.242 

Potassium sulfate**. 

54.0 

.2720 

0.370 

46.1 

2.305 

0.853 

Sulfate of potash-magnesia. 

21.9 

.2548 

0.913 

43.2 

2.159 

1.971 

Miscellaneous 







Calcium carbonate**. 

56.0 

.0275 

0.357 

4.7 

0.233 

0.083 

Calcined kieseiite. 

33.5 

.2285 

0.597 

38.7 

1.936 

1.156 

Dolomite. 

20.0 

.0049 

1,000 

0.8 

0.042 

0.042 

Epsom salts**. 

16.4 

.2595 

1.222 

44.0 

2.199 

2.687 

Dimagnesdum phosphate** 







(3H.O)tt. 

23.1 

.0254 

0.866 

4.3 

0.215 

0.186 

Gypsum**. 

32.6 

.0475 

0.613 

8.1 

0.403 

0.247 

Ii^^gnesium oxide**. 

100.0 

.0100 

0.020 

1.7 

0.085 

0.002 

Sodium chloride**. 

53.0 

.9075 

0.377 

153.8 

7.691 

2.899 

Sodium sulfate**. 

43.6 

,4375 

0.458 

74.2 

3.708 

1.698 


that take place in the mixed fertilizer or in the soil, such as magnesium phos¬ 
phate from the reaction of dolomite with superphosphate. Data on this class 
of materials permit the calculation of the probable osmotic pressure produced 
by reaction products or by mixtures known to contain these materials. For 
example, the effect of various grades of manure salts can be predicted if their 
content of sodium chloride and potassium chloride is known. 

Inspection of table 6 shows that the low analysis potassium carriers such as 
12.5 per cent kainit, and manure salts, and the inorganic nitrogen carriers such 
as sodium nitrate and ammonium sulfate produce the greatest increase in the 
osmotic pressure of the soil solution per unit of plant food. Phosphate carriers, 
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organic ammoniates, urea, ammonia, and the less soluble magnesium carriers 
have relatively little effect on the osmotic pressure of the soil solution. 

THE SALT INDEX 

If the effect of each fertilizer or fertilizer material on the osmotic pressure of 
the soil solution is taken relative to the effect produced by some standard refer¬ 
ence material, a set of relationships are obtained that hold, within limits, for 
all the mixed fertilizers and soils studied. For this purpose it is proposed that 
sodium nitrate be taken as the reference material and that the salt index be 
defined as the ratio of the increase in osmotic pressure produced by the material 
to that produced by the same weight of sodium nitrate and, to give whole 
numbers, multiplied by 100. This relationship may be expressed by the follow¬ 
ing equation: 

Salt index = 

P 

where p = increase in osmotic pressure of the soil solution due to application 
of a definite weight of a fertilizer mixture or fertilizer material, and p' = in¬ 
crease due to application of the same weight of sodium nitrate under identical 
conditions. 

It should be noted that the salt index does not predict the exact amount of 
fertilizer that will produce injury on a particular soil, but it does classify the 
fertilizer with respect to others as regards osmotic effect and shows which ferti¬ 
lizers will be most likely to injure crops. The salt index scale is so arranged 
that the effect of sodium nitrate is given the value 100 with the effects of other 
materials expressed relative to 100. 

Fortunately the osmotic pressure usually increases in the Norfolk soil at a rate 
directly proportional to the amounts of material added to the soil when these 
amounts are within the normal range of fertilizer applications. Thus the ratio 
of the effect of ammonium sulfate to that of sodium nitrate, for example, is the 
same whether taken at 100 or 2000 pounds per acre. These relationships are 
shown in the several figures of the paper by White and Ross (5) and are further 
confirmed by the data of table 5 and by other data not reported here in detail. 
For some of the few materials, especially the phosphates, where the relation 
between amount applied and osmotic pressure is not strictly linear, the ratio, 
whenever possible, was taken in the range of the amounts of material normally 
used. Small errors so introduced probably do not have a significant effect on 
the result, especially since the phosphates have relatively little effect on the 
osmotic pressure of the soil solution. In considering the rate data of table 5, 
one should remember that Norfolk sand, with its low moisture equivalent and 
consequently relatively high osmotic pressure in the soil solution for a given 
application of material, presents by far the most favorable case for accurate 
results of the sort described in this paper. The other soils, especially those 
with the higher moisture equivalents, gave such low freezing point depressions 
that the experimental error sometimes amounted to a large fraction of the result. 
Furthermore, when these results are plotted, as was done by White and Ross 
for Cecil clay loam, the magnified osmotic pressure scale necessary makes curva- 
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tures that would scarcely be apparent on the Norfolk soil seem very large on the 
soils with higher moisture equivalents. 

COMPUTING THE SALT INDEX OF A MIXED FERTILIZER 

Data and factors useful in calculating the salt index of a mixed fertilizer are 
assembled in table 6. The first and second columns of the table list respectively 
most of the substances occurring in mixed fertilizers and their content of plant 
food® expressed as N, P2O5, or K2O or as indicated in the footnotes. The third 
column gives the osmotic pressure increase in atmospheres produced per hun¬ 
dredweight of the material per acre in the soil solution of Norfolk sand under 
the conditions of this study. These values were computed from larger applica¬ 
tions, usually 1 ton per acre. The fourth column lists the number of hundred¬ 
weights of material necessary to supply one unit of the plant food in question. 
The salt indexes of the various fertilizer materials on the basis of sodium nitrate 
as 100 are listed in the fifth column. This permits the effect of any material, 
relative to that of sodium nitrate to be seen at a glance. The factor given in 
the sixth column is the salt index divided by 20. Since 20 pounds, 1 per cent of 
a ton, is the unit commonly used in fertilizer calculations, the use of this quan¬ 
tity introduces certain simplifications when calculating the salt index of a mixed 
fertilizer. The last column gives the ^‘partial index number” or the salt index 
per unit of plant food supplied by each material. The partial index number is 
the product of the factor and the number of hundredweights of material required 
to supply a unit of plant food. The figures in the various columns are given to 
suflBicient decimals to ensure that salt indexes of mixed fertilizers calculated from 
them will be correct to within one unit in the tenths place so far as the calcula¬ 
tion is concerned. 

When the number of units of plant food supplied by each component of a 
mixed fertilizer is known, the salt index of the mixed fertilizer is easily calcu¬ 
lated by multiplying the partial index number for a unit, from table 6, by the 
number of units of plant food supplied by the material and adding the values so 
obtained. This is illustrated in the following example: 


ICATSSIAL 

ANALYSIS 

LBS./ION 

UNITS 07 SLANT FOOD 

7AS.TIAL 
INDEX 
NUNBEK 
7ES UNIT 

PARTIAL 
INDEX 
NUICBER 
TOR UNITS 
USED 

Arnmnnm. 

percent 

82.2 

24.3 

1 

0.572 

0.6 

TTrea. 

46.6 

64.4 

1.5 

1.618 

2.4 

Sodium nitrate. 

16.3 

61.3 

0.5 

6.060 

3.0 

Cottonseed meal. 

6.9 

289.9 

1 

0.501 

0.5 

Superphosphate. 

20.0 

1200.0 

12 

0.390 

4.7 

Calcined kieserite. 

33.5 

59.7 

1 (MgP) 

4 

1.156 

1.2 

Muriate. 

60.0 

133.3 

1.936 

7.8 

Dolomite. 

20.0 

167.1 

l + (MgO) 

0.042 

0.1 


1 

Total... 

2000.0 

! 

Salt index.. 

20.3 


* The expression ''plant food” is used in this paper in the sense that is commonly in¬ 
tended in the fertilizer industry; namely, the content of N, PjOa, or KjO or of all three, in 
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Wlien the number of units of plant food has not been calculated, the values in 
the last column are readily obtained by multiplying the number of hundred¬ 
weights of material by the factor for that material. Thus ibe above mixture 
contains 1.333 hundredwei^ts of 60 per c«it muriate, which when multiplied 
by 5.814, the factor for this material, gives 7.8, the partial index number in the 
last column. If it is deared to know the actual effect of the fertilizer on the 
osmotic pressure of the soil solution of Norfolk sand or similar soil the osmotic 
pressures per 100 pounds of material from column three of table 6 are simply 
mutiplied by the number of hundredwdghts of the corresponding material and 
the products added. The salt index is then obtained by dividh^ the total 
osmotic pressure by that produced by the same amount of sodium nitrate 
(11.80 atmospheres for a ton) and multipl 3 di^ by 100. Materials such as mono¬ 
ammonium phosphate that contain two plant foods are listed in the two sections 
of table 6, corresponding to the two plant foods. This material, for example, is 
listed xmder both nitrogen carriers and phosphate carriers. In computing the 
salt index of a mixture the partial index number of such a material may be taken 
jfrom either section but not from both. 

The data in table 6 are based on the freezing point lowerii^ determinations 
with some simplifications and adjustments where these seemed justified or 
necessary. These adjustments will not be discussed in detail, but some of the 
moreimportaut features of the table will be indicated. The organic ammoniates, 
per ton of material applied, all gave rou^ 3 ' the same small increase in osmotic 
pressure r^ardless of whether the actual material was fish scrap, dried blood, or 
other material. Since the effect of such matenal is small, no important error 
is introduced by taking them all as having the same effect, per ton of material, 
on the osmotic pressure. The effect per unit of plant food varies, however, 
with the analysis of the ammoniate. The data of table 6 can be applied without 
serious error to the animal organics includii^ fish, horn, bone, and blood meals; 
to the vegetable organics such as seed, chaff, and hull meal and pomices; to 
leather, hair, hide, and other scrap included in process tankage; and to various 
sewage sludge products such as MQorganite, Nitrobac, and Nitroganic. 

Similarly the ordiiuay and double strength superphosphates of slightly vary¬ 
ing analysis are each lumped together in a group with the same salt index for 
all members of each group but with small differences in the partial index num¬ 
bers. In general small variations in the analysis of a material, such as a few 
tenths of a per cent, can be ignored, especially if the material is one that has 
but little effect on the osmotic pressure. In the case of manure salts and kainite, 
which are frequently used in mixed fertilizers in large amounts and which 
increase the osmotic pressure very strongly, some adjustment of the values of 
table 6 should be made for analyses and compositions that do not fall close to 
those actually studied (table 2). The diluting materials in these potash salts 
are usually sodium chloride, calcium sulfate, magnesium sulfate, etc., and by use 
of the data for these materials, corrected values for the potash salt can be ob¬ 
tained if its composition is approximately known. Thus experimental mixed 
fertilizer No. 103 contained 484.9 pounds of 16.5 per cent kmnit which consisted 
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of 148.5 pouods of potassium chloride, 194.0 pounds of calcinfid Meserite, and 
142.5 pounds of sodium chloride. Reference to table 6 sho^vs that these mate¬ 
rials have factors of 5.716,1.937, and 7.691 respectively; by multiplication, the 
partial index numbers for the amounts actually present are found to be 8.5, 
3.8, and 11.0 respectively. The sum of these, 23.3, is the partial index num¬ 
ber of the 484.9 pounds of kainit. Other difficulties can be resolved by simi¬ 
lar methods. 

VAUDITT OF CAIiCTILATBD SAI/T INDEX OF MIXED FEBTILIZEB 

As a test of the validity of the calculation of the salt index of a mixed ferti¬ 
lizer from the indexes of its components, the actual osmotic effects of several 
experimental mixed fertilizers were determined in the laboratory on Norfolk 
sand. All fertilizer applications were at the rate of 1 ton per acre. The salt 
index values were obtained by dividing the osmotic pressure increase produced 
by the fertilizer by that produced by a ton of sodium nitrate on the same soil. 
Table 7 shows that these indexes so determined agreed wdl with the indexes 
computed by summing up the partial indexes of the components of each mixture. 
Similarly 10 commercial fertilizers were run on the Norfolk soil and the deter¬ 
mined salt indexes compared with those calculated from the components of the 
mixtures. Table 7 shows that the agreement is satisfactory, thou^ not so 
dose as in the case of the experimental mixed fertilizers. The difference is 
probably due, in part, to lack of effiict knowledge of the composition of the 
commercial fertilizers. These experiments with both the experimental and 
commercial mixed fertilizers confirm the feasibility of calculating the salt 
indexes of mixtures from the osmotic effects of the components of the mixtures. 

As a further test of the validity of the salt index determined on the Norfolk 
soil when applied to other soils, the osmotic effects of fertilizers 101 to 108 
includve were determined on dx other soils and the salt index numbers calcu¬ 
lated from the effect of sodium nitrate on the same soil. Table 8 shows that 
the indexes of mixed fertilizers determined on the Norfolk soil approximate 
those detmnined on the oth^ soils studied, despite widely varying moisture, 
sUt, and clay contmts of these soils. This illustrates the convenience of usmg 
the salt indfx as a measure of the relative tendency of a fertilizer to injure crops 
rather than actual osmotic pressure values that vary widely with the soil studied. 
The salt index arranges fertilizers in the order of their increadng effect on the 
osmotic pressure of the soil solution and enables one to predict which fertilizer 
will be the most likely to injure crops throu^ undue increase in the osmotic 
pressure. 

Crops grown on sandy soils gimilar to the Norfolk are probably much more 
liable to injury through excessive osmotic pressure of the soil solution than are 
those grown on the heavier soils of higher moisture-holding capacity, simply 
because more osmotic pr^sure is produced by a ^ven fertilizer application on 
the soil containiog less moisture. It is tims apparent that the salt ind^ of 
fertilizers should find its greatest application in coimection with the management 
of the more sandy soils. Fortunatdy on the sandy soils it ^ves the most accu- 
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TABLE 7 

Comparison of salt indexes of mixed fertilizers determined on Norfolk sand with corresponding 
in^xes calculated from osmotic effects of the fertilizer components* ^ 


NDUBES 

GRADE 

SALTIMDEZ 

Found 

Calculated 

Experimented mixed fertilizers 

1 

3-10-5 

20.9 

20.3 

2 

5-20-10 

34.6 

37.4 

3 

6 -20-10 

90.1 

89.2 

4 

3- 8-4 

41.9 

42.1 

5 

6 - 8-4 

24.5 

24.5 

6 

6-13n8 

29.6 

30.8 

101 

6 - 8-4 

24.7 

23.4 

102 

6 - 8-4 

41.9 

41.8 

103 

5- 8-4 

38.9 

38.9 

104 

6 - 8-4 

55.6 

i 55.6 

105 

9-12-6 

22.6 

1 20.5 

106 

9-12-6 

64.2 

60.6 

107 

0 -12-6 

21.2 

22.8 

108 

9-12-6 

63.3 

63.9 

109 

9-12-6 

61.9 

63.8 

Commercial mixed fertilizers 

9 1 

8-24-8 1 

43.3 

45.1 

10 

8-24r^ 

28.4 

31.5 

11 

8-16-16 

54.2 

54.6 

12 

8-16-16 

48.9 

50.5 

13 

8 -12-20 

60.4 

61.7 

14 

8 -12-20 

57.0 

58.1 

15 

12-16-12 

44.7 

41.7 

16 

12 -lft-12 

45.3 

46.4 

17 

4r- 8-5 

26.4 

27.4 

IS 

4r-12-4 

26.0 

25.4 


* For compositiion of fertilizers 1 to 6 see WMte and Boss (5); for others, see tables 3 
and 4. 


TABLE 8 


Determined salt indexes of nine experimental mixed fertilizers on several soils 


1 

FEBTILZZES I 
KXnSBER 

1 

t 

1 KOUOLE 
SA»D 

I 

SASS4ntAS 1 
SANDY LOAM < 

. . 1 

1 HAKTSELLS 
> SILT LOAM 

CECIL eXAY 

HAGERSTOWN 

CLAY 

HAGERSTOWN 
SILTY CLAY 
LOAM 

CHESTER 
CLAY LOAM 

101 

1 24.7 

1 

24.7 

22.4 

25.4 

23.3 

24.2 

21.2 

102 

41.9 

42.3 

45.1 

47.0 

42.9 

35.7 

39.2 

103 

38.9 

37,4 

37.7 

44.2 

37.1 

33.8 

33.5 

104 ' 

' 55.6 

56.9 

53.7 

61.3 

53.1 

57.0 

53.8 

105 j 

22.6 

13.9 

17.5 

17.1 

18.4 

15.0 

18.4 

106 

64.2 

59.5 

54.9 

58.6 

51.4 

54.6 

54.7 

107 ’ 

21.2 

14.7 

18.7 

23.2 

21.6 

14.0 

19.8 

108 

' 63.3 

57.5 , 

, 57.8 

58.0 

55.1 

52.2 

54.7 

109 

1 61.9 

59.9 

57.1 ! 

56.4 

55.1 

52.2 

58.0 
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rate predictions of the effect of the fertilizer on the osmotic pressure of the soil 
solution. It was lai^ely because of these contiderations that a typical sandy 
soil, the Norfolk, was chosen for most intensive study. 

EFFECT OF VABTING SOIL MOISTUEE ON OSMOTIC PBESSUBE INCHEASBS 

One of the chief factors governing the osmotic pressure produced in the soil 
solution by a given material is the water content of the soil. Other factors, 
such as varying colloid cont^t and type of colloid, are also important, but these 
factors are closely related to moisture equivalent and thus the water content 
varies with th^. Because of the very large effect of the soil moisture, there¬ 
fore, it mi^t appear that the osmotic pressure of the soil solution could be 
predicted with sufficient accuracy from the osmotic pressure produced by the 
fertilizer or fatilizer material when dissolved, in the absence of soil, in the 
amount of water corresponding to that contained in the soil in question. If 
this were not accurate enough there is still the furtiier possibility of calculating 
the osmotic pressure of a soil solution of a particular soil from values determined 
on another soil by the simple process of adjusting the osmotic pressure values 
for the differences in solution concentration indicated by the moisture equiva¬ 
lents of the two soils. These two possibilities will be considered briefly. 

Table 9, in the columns headed “soil solution,” shows the osmotic pressure 
produced in soil solutions of several soils by ton-per-acre applications of six 
fertilizer salts and of nine mixed fertilizers. These are compared, in the columns 
headed “water only,” with the osmotic pressures foimd when these matmals 
were dissolved in the amounts of water corresponding to the moisture in the soils 
in question. Of the tix salts, only sodium nitrate gave osmotic pressures 
approaching those found in the absence of soil. Ammonium sulfate and potas¬ 
sium chloride gave about 30 to 80 per cent of the pressure found in water solu¬ 
tion in the absence of soil, whereas the phosphates, especially those of ammonium 
and calcium, gave only very small fractions of the water-solution values. Part 
of these observations axe explainable in terms of known soil phenomena, such 
as phosphate fixation and base ^change, but discussion of such action will not 
be attempted at this time. The mixed fertilizers behaved similarly. In con¬ 
tact with the soil, many of them gave less than 50 per cent of the osmotic 
pressure found in the absence of soil. Prediction of the osmotic pressure of soil 
solutions from that of water solutions is therefore not feasible for any of the 
materials studied except possibly sodium nitrate. 

Table 9 also shows, in the colunms headed “calculated in soil solution,” the 
osmotic pressure increases produced in Norfolk sand corrected for the amount 
of dilution indicated by the moisture contents of the other soils. This type of 
calculation should tend to compensate for the effect of colloid and other factors 
presait in var 3 nng d^rees in all soils. In fact, this method does give values 
in better agreement with the determined values for both sm^e salts and mixed 
fertilizers than does the determination in water solution in the absence of sofl. 
Wide differences are still found, however, in both groups. These variations 
are the expression of the complex reactions taking place between soil compo- 
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nents and the added materials that tend to reduce the osmotic pressure increase 
in the soil solution below that obtained in the absence of soil. 

CHOICE OP BASIS FOR THE SALT INDEX 

It is apparent that the salt index could have been defined in terms of the 
osmotic effects in water solution in the absence of soil. It remains therefore 
to inquire whether such an index gives more helpful data by which to judge the 
probable burning effects of fertilizers than does the salt index described above. 
For materials that give about the same osmotic pressure in water solution as in 
the soil solution, no serious differences in the two index values should result. 
Such materials, however, are exceptional, aside from sodium nitrate itself, which 
was chosen as the reference material for the salt index largely because of that 
property. The two indexes would be enormously different for the phosphates, 
and since most fertilizers contain relatively large quantities of phosphates, it is 
apparent that indexes based on values determined in water solutions would be 
highly misleading, indicating a higher burning effect than is actually experi¬ 
enced because of the high fixing power of most soils for phosphates. It has also 
been suggested that the soluble salt content of a fertilizer be used as an index 
to the tendency of the fertilizer to injure crops. The salt indexes based on soil 
solution and on water solution and the total soluble salts of nine mixed fertilizers 
are compared in the following tabulation: 


:F£SX1UZES NinCBES 

salt; 

Detennined on Norfolk 

[NDEZ 

Water basis 

TOTAL WAXES-SOLDBLE 
SALTS 

101 

24.7 

34.1 

ferceta 

41.2 

102 

41.9 

47.7 

64.0 

103 

38.9 

43.6 

51.4 

104 

55.6 

62.7 

77.4 

105 

22.6 

34.4 

35.5 

106 

64.2 

69.4 

67.4 

107 

21.2 

35.9 

39.7 

108 

63.3 

74.8 

73.8 

109 

61.9 

74.4 

73.8 


The salt index, water basis, does not Reproduce the index as actually deter¬ 
mined on the Norfolk soil. Differences as great as 33 per cent occur in this 
soil, which should have a minimum of soil effects due to its very low colloid 
content. The total water-soluble salts would not be expected to agree numeri¬ 
cally but would serve the same purpose if they bore a constant ratio to the 
indexes determined on soil. This ratio, however, varies from 0.6 to nearly 1.0, 
and a scale based on water-soluble salt in the fertilizer presents quite a different 
picture from the proposed salt-index scale. Neither the water-basis indexes nor 
the soluble salt contents place the fertilizers used here in the same order, with 
respect to their tendency to injure crops, as they are placed by the determined 
salt index. It has already been pointed out that, in the presence of soil, the 
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phosphates fail to give more th^.-n a fraction of the osmotic pressure that 
they give in water solution only. This is one of the reasons why the water- 
basis index and the total soluble salts do not give satisfactory scales by which 
to gauge crop-injuring tendencies. It should also be mentioned in this con¬ 
nection that the calcium sulfate present in a fertilizer may be nearly all included 
in the salts dissolved in the determination of water-soluble salt, whereas only a 
small portion of it may be dissolved in the soil solution. It may be said therefore 
that neither of the water-solution indexes is as good a measure of the tendency 
to injure crops as is the proposed salt index. 

SUMMARY 

A study has been made of the effect of fertilizer materials and mixed fertilizers 
on the concentration of the soil solutions of several soils. The solutions were 
obtained from soils containing water corresponding to 75 per cent of the moisture 
equivalent, and their concentrations were expressed in terms of osmotic pressure. 
The widely varying osmotic effects of individual materials on the soil solution 
and the lack of correlation between these effects and those found in vrater 
solutions in the absence of soil have been pointed out. This is especially notice¬ 
able with the phosphate salts. 

A new quantity, the salt index of fertilizers, is proposed as a means of express¬ 
ing differences in the probable effects of different fertilizers or fertilizer constitu¬ 
ents upon the soil solution and consequently upon the tendency of the fertilizer 
to injure crops by undue osmotic pressure in the soil solution. This index can 
be calculated for any mixed fertilizer of known composition. 
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The routine sampling and treatment of soil for moisture content determination 
is time-consuming, and in some cases may not even be permissiBle. It is there¬ 
fore natural that much attention should have been paid to alternative indirect 
methods, of which those depending on the electrical properties of soil seem to 
have attracted the greatest attention (1, 4, 6). The purpose of this brief note 
is to draw attention to some dangers inherent in the method. A very full list 
of references to work on the subject up to 1934 has been ^ven by Smith-Rose (9). 

A S 3 rstem of electrodes embedded in a medium other than a perfect insulator 
with a dielectric constant of unity seems to be regarded commonly as a single 
condenser with a uniform dielectric. In practice it is almost impossible to 
provide such a condition, for the elctrodes are generally to be considered as 
being surrounded by sheaths separating them from the main didectric (7). 




a h 

Fig. 1 


P 


The effects of such sheaths were impressed very firmly on the writer’s mind 
some years ago during work on the dielectric constant of ionizedair (2). Whether 
the sheath is due to the exclusion of ions (2, 10) or to imperfect mechanical 
contact, the effect is the same; the condenser must be regarded as a combination 
of condensers in series, the dielectrics of the component condensers having 
different properties. The result, described by Hartshorn in connection with 
tests of good dielectrics (7), is profoundly to affect the resistance and capacitance 
of the condenser, particularly when the dielectric is very lealsy, as is the case 
with moist soil or plaster of paris condensers. 

In figure 1-a the sheaths are shown much magnified for clarity and may be 
regarded as condensers Ci and C 2 in series with the condenser Cz, the dielectric of 
whichis themoistporousmedium. Thesystem maybe representeddiagrammati- 
callyasin figure 1-b, in which the moist dielectric corresponds to a condenser of 
capacitance c and shunt resistance r while the deaths, taken together, are 
represented by the condenser of capacitance C and shunt resistance 22. The 
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unpedaaces are z and Z respectively. This combina'tion is dectiically equiv- 
alent to the sin^e candenser of capacitance K and ^unt resistance p im¬ 
pedance Z) of figure 1-c, and it is these latter values which are measured by the 
usual bridge methods. We must therefore examine the dependence of these 
values on ^ose in whidi we are interested, namdly, c and r. The simplest way 
to derive the required relation^p is to use the method of complex quantities. 
Writing 3 — V^, and a = 2im, (where »is the frequency of alternation of the 
current), we have 

l/« = 1/r -b jMC 

whence z — r(l — jwcr) /(I + 

Similarly ^ = 22(1 - i«C22)/(l + 

Z = p(l - j<cKp)/(l -b «*X*p*) 

Also 7, = z + Z 

Equating real and imaginary parts, we have 

j-/(l + -b 22/(1 -b = p/(l + «*K*p®) (2) 

cj^/(l -b -b C'22*/(l -b w®C*22*) = i:p*/(l + «^2Pp?) («) 

When 0 ) is very large, equation {2) reduces to 

1/c + l/C = l/K 

which is the ordinary expression for condensers in series. Furthermore, since 
the sheath thickness in the soil condenser is very small, C is much larger than c, 
and the equation further simplifies to 

c = K 


In tile same drcumstances, (2) reduces to 

r = p 

so that the measured values of capacitance and resistance are the true soil values. 
For this approximation to be valid, must be laige compared with imity; 
for a soil condenser of normal oze, c may be of the order of 100 pP, calculated on 
a baas of a dielectric constant of 80 at saturation, while r may be of the order of 
100 ohms, so tiiat a must be much larger than 10 ^ i.e., the current frequency 
must considerably exceed 10 m^acycles per second. The highest frequency 
used in soil work, to the writer’s knowledge, is 37.5 m^acydes (5), 4 megacycles 
not often bang exceeded (6,8,9). Usually the frequency lies within the audible 
range, when may be ne^ected in comparison with imity. Equations 

< The convenient small unit of capamtance, the picofarad, was introduced by A. Campbdl 
in 1922, to replace the more cumbrous nomenclature, the micromicrofarad. It is unfor¬ 
tunate that some confumon may be caused by the recent use of pF, the abbreviation of this 
unit, to indicate the logarithm of suction pressure, a quantity that has no place in funda¬ 
mental soil-water relationships. 
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(i) aad (£) may be farther simplified, for the sheaths may be assumed to be 
perfectly msulating, so that we may write R = ». We then get 

p/(l + «W) = r (S) 

Kp^/a + = «^ + l/co^C (4) 

The magnitude of the ^eath effects may be examined by considering one or 
two hypothetical cases. 

First, let us suppose that the true capacitance of the soil or plaster cmxdenser 
is 100 pF, a reasonable value, the true resistance is 1,000 ohms and a = 10,000. 

TABLE 1 


Infiuenee of sheath formation on apparent capacitance and resistance of soil condenser 
When <e = 10,000; c » farads; r = 1,000 ohms 


c 

p 

K 

farads 

ohms 

farads 

00 

1,000 

10“i» 

10“» 

1,000 

1.1 X 10-1® 

10-* 


2.0 X 10-“ 

10-* 

1,001 

1.1 X 10-» 

10-« 


10-8 

i(r» 


5.0 X 10-8 

IQr^ 

10® 

10-8 


10^ 

10-8 


TABLE 2 

Infiuenee of resistance of dielectric on apparent capacitance and resistance of soil condenser 


When a =« 10,000; c = 10“** farads; C •= 10^ farads 


r 

p 

K 

ohms 

ohms 

farads 

10« 

2.0 X 10* 

0.5 X 10-“ 

10® 

1.01 X 10® 

10^“ 

10^ 

10* 

2.0 X 10-“ 

108 

108 

10-8 

10® 

10* 

10^8 

10 

10 

10-* 


We may now give C a succession of values varying from <», corresponding to 
perfect contact between the electrodes and the dielectric medium, to small 
values corresponding to very imperfect contact. The results are ^own in 
table 1, obtained by substituting the known values in (S) and (4) and solving 
for K and p. Thus we see that imperfect contact, or any other cause of sheath 
formation, can increase the apparent capacitance in this case by more than a 
hundredfold. The apparent resistance is less senstive to sheath influence; 
in table 1 it is increased by only 10 per cent when the capadtance is increased by 
a factor of 100. 
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As a finaJ example, we may calculate the variation of K and p when r alone 
varies. The results are given, for reasonable values of «, c, and C, in table 2. 
This case is of the greatest importance to those measuring moisture content by 
this method. We thus see that a reduction of resistance of the dielectric is itself 
r^pondble for an apparent lai^ increase of capacitance, quite irrespective of 
any increase of dielectric constant. 

A rou^ test of these conclusions was made by measuring the resistance and 
capacitance between two parallel plate electrodes immersed first in disrilled 
water, then in tap water, and finally in a very weak solution of NaHCOs. Dis¬ 
solved salts are known to have very little effect on the dielectric constant of 
water, whereas the conductivity is, of course, determined almost soldy by the 
concentration of solute. The measured cdl reristances were 30,510 ohms, 494 
ohms, and 127 ohms respectively, the capacitance changing from 60 pF to O.OlpF. 
and then to O.lpF. 

The results of Anderson and Edldsen (1) also lend support to these views. 
The plaster block cdl which they used has a capacitance, calculated from its 
dimensions, which cannot exceed about 50 pF, yet the measured capacitance at 
maximuTn moisture content is said to be 0.07/iF. Furthermore, the range of 
variation with moisture content, expressed as the ratio of maximum to mmimiim 
capacitance, exceeds the didectric constant of waterl 

Since the variations of capacitance of a soil condenser with moisture content 
seems to be really but an indirect consequence of variation of resistance and is 
greatly dependent on contact conditions which are laigdy out of the control 
of the ejqierimenter, it would seem preferable to measure the resistance directly, 
particularly since we have seen that this is relativdy insensitive to sheath for¬ 
mation. If there should be any advantage in measuring capacitance, there would 
appear to be possibilities in the application of the alternating current poten¬ 
tiometer (3) in conjunction with four-dectrode cdls, since no current is taken 
from the potential dectrodes at the balance point and therefore sheath formation 
is quite without effect. The apparatus is, however, bulk 7 , and it would not be 
an easy matter to design it as a portable fidd set. The alternative is to work at 
very hi^ frequencies. 


SUUSIABT 

The um:diability of measurements of capacitance of soil condensers as an 
indication of moisture content is stressed and is mq>ldned by demonstrating the 
profound effects of poor dectrode contact when the didectric is very lealiy. 
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The flow of soil moisture and its utilization by plants depend in part upon the 
force with which water is held by the soil, and calculations of the free energy of 
soil moisture provide a rational approach to the consideration of such phenomena. 
The present work Avas undertaken in order to investigate by means of the cryo- 
scopic, or freezing-point method, the magnitudes of the free energy of soil water 
at different water contents and also some of the factors affecting these magni¬ 
tudes. 

Schofield and Botelho da Costa (20) were the first to use the cryoscopic method 
for determining the difference between the free energy of water in bulk and that of 
water in moist soil. Bodman and Day (1) improved the technique by the substi¬ 
tution of a sensitive thermocouple for the Beckmann thermometer and by better 
isolation of the sample from the freezing bath. Further improvements of tech¬ 
nique have been made and are discussed hereinafter. 

Schofield (21) used the following equation in his calculation, by the freezing 
method, of the difference in free energy: 


H 


= A.i 
T-g 


in which the ^mbols were defined as, 


( 1 ) 


H s height of liquid column to give equivalent suction (cm.) 
Lj — latent heat of fusion of water (3.336 X 10* ergs-gm.'^ 
t = freezing point depression of water in soil (®C.) 

T = freezing point of pure water (« 273.18® absolute) 
g = acceleration of gravity («= 981 cm.-sec.”*) 


The context of Schofield’s paper seems to make it evident that by “height of 
liquid column to give equivalent suction” is meant the height, J?, of a column of 
water which the water in the moist soil could support when connected to a water 
reservoir, through a suitable apparatus including a water column of adjustable 
height, the entire system being held at 1 atmosphere of pressure and 273.18® 
absolute. The tensiometer is such an instrument. But it must be made clear 
that when measured by means of a tensiometer, H can only be defined as equiva¬ 
lent to the free energy difference for those special cases in which the soils contain 
no dissolved salts. This limitation was recognized by Schofield in a later paper 
( 22 ). 

^ Contribution from the California Agricultural Experiment Station, Berkeley. 

* Professor of soil physics and instructor in soil physics, respectively, Division of Soils, 
University of California. 
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An equation has been developed by Day (5), who used the term “moisture po¬ 
tential/’ jLt, to define the free energy of escape of soil water, when consideration is 
given to the influence of pressure, temperature, and solutes. In the present 
paper the same meaning is retained for the moisture potential, viz. 




LrT 

To 


(«) 


in which 


Lf = latent heat of fusion of water (« —3.336 X 10® ergs-gm.”i) 

T = freezing point depression of water in soil (®C.) 

To « freezing point of pure water (273.18° absolute) 

and the moisture potential is obtained in ergs per gram of water. For the special 
case of solute-free soils, equation (2) may be written in the form of equation (f). 

Schofield also introduced the term “pF,” which has now come into rather ex¬ 
tensive use, and which represents the common logarithm of H [equation (J)]. 
It must again be pointed out that when a tensiometer is used, the term “pF” 
expresses the logarithm of the free energj' of the soil moisture only in the absence 
of solutes. The term “pF” has the distinct value of abbreviating large numbers, 
but in order that ambiguity maj’^ be avoided in the discussion of the potential 
measurements, it has not been used in the present paper. 


APPARATUS 

Description 

The equipment is a refinement of that used earlier (1), although no change has 
been made in the essential features. The soil sample, weighing approximately 
5 gm., was enclosed in a small Dewar flask equipped with a thermojunction, and 
the assembly was immersed in a kerosene bath at a suitable temperature. The 
reference temperature was produced and maintained by means of a second 
Dewar flask, filled with a mixture of ice and water and containing the other junc¬ 
tion of the thermocouple. The e.m.f. produced by the theimocouple was meas¬ 
ured by a sensitive galvanometer and potentiometer, and the difference in tem¬ 
perature between the two junctions was computed from calibration tables. 

The Dewar flasks used as freezing jackets were made of two concentric pyrex 
test tubes (fig. 1) which had been sealed together at the top, attached overnight 
to a H>wac pump until the pressure within the jacket was reduced to that equiva¬ 
lent to about 10"® mm. mercury, and then sealed at the bottom. The thermo¬ 
junction (fig. 1) was constructed of B. & S. 36-gauge copper and B. & S. 30- 
gauge constantan wire. These were twisted together and soldered into a small 
brass tip weighing 2 gm., constructed in such a way that the end bearing the 
wires could be slipped snugly into a pjTex glass lead-tube and cemented in place. 
About half of the brass tip was left protruding. The glass lead-tube passed 
through a rubber stopper which served to close the freezing jacket after sample 
and thermojunction had been inserted. 

The cold bath in which the freezing jackets were immersed consisted of a 2- 
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gallon glass aquarium jar fiilled with kerosene and fitted with a transite cover. 
This vessel was immersed in a larger metal tank of kerosene maintained at ap¬ 
proximately —5®C. by means of a i h.p. Frigidaire unit. The inner bath could 
be regulated to any temperature between 0° and — 5°C. and controlled within 
zbO.l® of the desired temperature by means of a mercury" thermoregulator, an 
electric heater, and a motor-driven stirrer. Holes bored in the transite cover 
peimitted insertion of the freezing jackets, for which suitable clamps were pro¬ 
vided. Four such jackets with thermocouples could be accommodated at one 
time. 

The equipment for measurement of the thermal e.m.f. consisted of a Leeds and 
Xorthrup type HS galvanometer having a measured sensitivity of 0.0860 micro¬ 
volt per millimeter with the scale at 1 meter, and a type K-2 potentiometer, the 



Fig. 1. Left, Dewar Flask Freezing Jacket Containing 5-gm. Soil Sample; Right, 
Brass-Tipped Copper-Const antan Thermocouple 

least reading for the revolving head slidewire of which corresponded to an e.m.f. 
of 0.5 microvolt. 


Calibration 

The thermocouples were calibrated through the use of an empirical relationship 
between e.m.f. and temperature for copper-constantan couples given by Bridg¬ 
man (3). A preliminary measurement with Na 2 S 04 - IOH 2 O, held at its transition 
temperature, showed close agreement with the empirical equation. In order to 
check the thermocouples in the range in which they were to be used, it seemed 
desirable to determine the freezing point depressions of knowm osmotic solutions 
for which accurate data wrere available elsewhere. For this purpose, aqueous 
sucrose solutions of various concentrations up to 1.07 molal were employed. The 
data are given in table 1 and compared with data interpolated from Landolt- 
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BSrnstein tables (10) by means of the least-squares equation: AT = 1.8131 m + 
0.2318 m-, where m is molality, i.e., the moles of sucrose per 1000 gm. of water, 
and AT is the interpolated value of the freezing point depression. The agreement 
was considered to be sufficiently good to justify the use of the Bridgman relation¬ 
ship for the freezing determinations of soils to be reported. 

TABLE 1 


Observed and calcidated freezing point depressions of aqueous solutions of sucrose 


UOLS OF SncSOSE IN 1000 GU. Of 
WAXES (MOLAUTY) 

fSEEZlNG POniTDEPSESSXONS 

Observed 

Calculated from Landolt-Bomstein 

1 

“C. 

“C. 

0.0000 

-0.016 

0.000 

0.0000 

0.008 

0.000 

0.0000 

0.005 

0.000 

0.0000 

-0.011 

0.000 

0.0153 

0.037 

0.028 

0.0163 

0.040 

0.030 

0.0147 

0.037 

0.027 

0.0164 

0.045 

0.030 

0.0404 

0.091 

0.073 

0.0408 

0,085 

0.073 

0.0410 

0.083 

0.074 

0.0386 

0.083 

0.070 

0.0842 

0.170 

0.155 

0.0857 

0.181 

0.157 

0.0848 

0.181 

0.156 

0.0863 

0.162 

0.158 

0.2150 

0,448 

0.401 

0.2176 

0.453 

0.406 

0.2173 

0.453 

0.407 

0.2161 

0.458 

0.403 

1.0604 

2.233 

2.183 

1.0578 

2.257 

2.177 

1.0602 

2.228 

2.183 

1.0680 

2.230 

2.201 


All directly observed values of the freezing points of soils and solutions are re¬ 
ported to 0.001‘’C.* In those cases in which it was necessary to interpolate from 
the experimental curves, however, it was usually possible to obtain the dedred 
reading to no more than ±0.01°C. (see, for example, table 3). An exception 
occurs in the data of Landolt-Bomstein, which were numerous and, as has been 
mentioned, readily permitted the formulation of a least-squares equation from 
which interpolations were obtained to 0.001® (see ri^t-hand column of table 1). 

' The entire instrumental assembly had a senntiveness of ±0.001 "G. 
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EXPERIMENTAL PROCEDURE 

Soil types used 

Fourteen different surface soils were used, all of which are important agricul¬ 
tural types in California. No saline soils were included. The soil series have 
been described by Shaw (23) and their properties summarized by Storie and Weir 

TABLE 2 


Geologic origin of soils used and climatic characteristics* of sample areas (Se, SO, SI) 



SOIL 

PAS£NT 3CATESIAL 

MOSICAL 

AMinTAI. 

NOBICAL 

ANNUAL 

P-E 

CLDCAHC TVEEt 

Number 

Type 

PIECIPI- 

tahok 

llEANTElf* 

SEKATDXE 

INDEX 




in^es 

*F. 



S48 

Hanford loamy 
sand 

Granitic rock, alluvium 

16.06 

59.4 

33 

Dry 

subhumid 

1250 

Oakley sand 

Dune sands of mixed 
origin 

12.02 

62.1 

24 

Semiarid 

626 

Holland sandy 
loam 

Granitic rock, residuum 

22.37 

1 

61.4 

47 

Dry 

subhumid 

623 

Sierra sandy 
loam 

Granitic rock, residuum 

22.37 

61.4 

47 

Dry 

subhumid 

1251 

Yolo fine sandy 
loam 

Mxed sedimentary 
rock, alluvium 

16.14 

61.6 

32 

Dry 

subhumid 

607 

Antioch loam 

Mixed sedimentary 
rock, alluvium 

12.02 

62.1 

24 

Semiarid 

1252 

Yolo clay loam 

Mixed sedimentary 
rock, alluvium 

16.14 

‘61.6 

32 

Dry 

subhumid 

1253 i 

1 

Yolo clay (i) 

Mixed sedimentary 
rock, alluvium 

16.14 

61.6 

32 

Dry 

subhumid 

616 

Vina loam 

Basic igneous rock, 
alluvium 

24.04 

62.5 

51 

Moist 

subhumid 

1254 

Yolo clay (ii) 

Mixed sedimentary 
rock, alluvium 

16.14 

61.6 

32 

Dry 

subhumid 

611 

Yolo silt loam 

Mixed sedimentary 
rock, alluvium 

16.14 

61.6 

32 

Dry 

subhumid 

619A 

Aiken clay 
loam 

Basic igneous rock, 
residuum 

59.34 

55.1 

165 

Superhumid 

604A 

Altamont clay 

Mixed sedimentary 
rock, retiduum 

13.70 

59.4 

27 

Semiarid 

613 

Stockton day 

Mixed sedimentary 
rock, retiduum 

16.55 

62.3 

34 

Dry 

subhumid 


* Precipitation and temperature data refer to nearest Weather Bureau Station (32). 
t All soils developed imder summer rainfall deficiency. 


(26). The soils, together with an expression of the climates of the sample areas, 
are listed in table 2. In all cases the name as^gned to the soil sample in the table 
and used tbrou^out the paper is the type name given by the soil surveyors in th e 
fidd. The type name should not, therefore, be taken as indicative of an exact 
range in particle size proportions. The content of clay in these samples finer 
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than 2 ii effective diameter is included in table 3. Three of the soil types (Aiken 
clay loam, Stockton adobe clay, and Yolo silt loam) have also been used by 
Botelho da Costa (2), although the samples used in the investigation here re¬ 
ported are not the same samples as were used by that author and were collected 
independently. 


Preparation of samples 

In order to obtain uniform distribution of moisture within the samples, water 
was added from a burette at a uniform rate through an atomizer nozzle, which 
produced a fine spray at a known rate of delivery. Successive thin layers of soil 
held in a 4-ounce wide-mouthed bottle were sprayed with known volumes of 

TABLE 3 


Freezing point depression, moisture potential, and pressure potential at the moisture equivalent 


SOZLNinCBES 

COMTBMT 07 CL\Y 
<!?#* 

MOXSTOBS 

EQTJIVAIJESrr 

7XEEZZNG POINT 
DEPSESSIQN 

UOXSTOSE 

foxenuax. 

PSESSITSE 

POTENTI^* 


percerU 

per cent 

*C. 

ergs/ X lOr^ 

/ gm. 


848 

4.1 

5.5 


-1.3 

. 

1250 

4.6 

4.3 


-2.3 

-0.25 

626 


11.5 


-0.24 

.... 

623 

11.7 

16.1 

0.06 

-0.73 

... 

1251 

12.8 

18.1 

0.10 

-1.2 

-0.12 

607 

16.0 

16.2 

0.06 

-0.73 

.... 

1252 

17.2 

22.5 

0.08 

-0.98 

-0.20t 

1253 

23.2 

25.0 

0.10 

-1.2 

-0.14 

616 

26.5 

26.9 

0.10 

-1.2 

.... 

1254 

33.1 

26.3 

0.10 

-1.2 

-0.27t 

611 

34.7 

36.0 

0.08 

-0.98 


619A 

41.8 

31.2 

0.07 

-0.85 

. • . . 

604A 

46.3 

27.7 

0.10 

-1.2 

• n • m 

613 

62.7 

39.6 

0.13 

-1.6 

.... 


* From drying curves obtained from tensiometer measurements by Moore (13). 
t Extrapolated. 


water until 20 gm. of soil had been moistened to the desired degree. After addi¬ 
tion of water, the bottle was closed with a rubber stopper and stored in the dark 
for a week before use. A 5-gm. sample of soil was then carefully removed from 
the bottle, gently molded into cylindrical shape, and placed in the jacket for 
measurement of the freezing point. 

Technique of making freezing measurements 

In preliminary studies it was found desirable, before inception of freezing, to 
bring the sample to thermal equilibrium with the bath, the temperature of which 
should not be more than two degrees below the freezing point of the sample (1). 
The bath temperature was therefore set to the appropriate value, and the jacket 
containing the sample was inserted. Approximately two hours were then re¬ 
quired for attainment of equilibrium with the bath. After the initial tempera¬ 
ture was recorded, freezing was induced by tapping the thermocouple tube, and 
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the e.m.f. was measured as a function of time after freezing began. A maximum 
temperature was usually reached within two to four minutes after freezing was 
induced. The ensuing rate of drop was very slight in all cases, and for this reason 
the maximum has been chosen as the “freezing point.” The data from these 
temperature-time curves were preserved in order to make the appropriate mois¬ 
ture content corrections. At the completion of the run the sample was removed 
from the jacket and placed in a glass weighing bottle for determination of mois¬ 
ture loss at 105®C. 


Moisture content correction 

The formation of ice during the freezing process reduces the amount of liquid 
water in the soil and therefore when the freezing temperature is reached an appre¬ 
ciable amount of water has already been changed from liquid to solid state. For 
this reason Schofield and Botelho da Costa (20) considered that the “effective 
moisture content,” obtained by subtracting from the total water content the 
amount of ice present, is the liquid water which properly corresponds to the ob¬ 
served freezing point. Because of uncertainty concerning the uniformity of the 
distribution of the water in the soil, limitations in the validity of this procedure 
are recognized; nevertheless, the same assumption will be made in the present 
investigation. 

If the amount of heat liberated during the freezing process is known, the 
amount of ice may be calculated from the changes in heat capacity both of the 
individual constituents of the system and of the system as a whole. The “sys¬ 
tem” is considered to include the moist soU sample and the part of the jacket and 
of the thermocouple in direct contact with the sample. The chaise in heat 
capacity of the individual constituents of the system was calculated from their 
respective heat capacities and the difference between initial temperature and 
freezing point. The change in heat capacity of the i^stem as a whole over the 
same time interval was determined by means of a principle of calorimetry accord¬ 
ing to which the rate of exchange of heat between external bath and calorimetric 
chamber is proportional to the thermal head (35); the proportionality constant, 
termed the “thermal leakage modulus,” was found to be 0.20 calorie per minute 
per degree, for the jackets used. The change in heat capacity was calculated by 
multiplying the thermal leakage modulus by the area enclosed by the curve of 
temperature versus time. The total heat evolved during the formation of m 
grams of ice was computed by adding up all changes in heat content of the system 
between initial and final states, and m was obtained by dividing the total heat 
evolved by the heat of fusion (333.6 X10^ ergs per gram). The effective moisture 
content, P, is given by 

in which M is the mass of liquid water plus ice and w is the wd^t of the sample 
after drying in the oven at 105°C. In the measurements reported in this paper 
the moisture percentage corrections varied from approximately 0.5 to 2 per cent 
for soils, up to nearly 5 per cent for soil clays. 
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FREEZING POINTS OP SOILS IN RELATION TO WATER CONTENT 

Altogether 225 freezing measurements were made of the 14 soils at many differ¬ 
ent moisture percmitages. The results are shown in figure 2, in which the group¬ 
ing adopted is only for the purpose of avoidii^ confusion caused by overlapping 
curves. The scatterii^ of the experimental points about the free-hand curves 
indicates the reproducibility of the freezing determinations. The corresponding 
moisture equivalents of the soils are also shown on the graphs. 

Moisture ‘potential at the moisture equivideni 

The freezing point depressions at the moisture equivalent were obtained 
graphically from the curves. The corresponding moisture potentials were calcu¬ 
lated by means of equation {2). These data are entered in table 3. The ex¬ 
treme range in moisture potentials is from —0.24 X10* for Holland sandy loam, 
to —2.3 X 10® for Oakley sand, but the values for 12 of the soils lie within the 
much narrower range —0.73 X 10* to —1.6 X 10* ergs per gram. The mean 
value for all is —1.12 X 10* ergs per gram. 

According to Moore, who used the porous cup tensiometer method, the pressure 
potentials of soils at their moisture equivalents are of the order of —0.15 X10* 
eigs per gram, equivalent to a tension of about 150 cm. of water. Russell and 
Richards (19) however, obtained higher values by means of the special centrifugal 
method which they developed. Five of the soils that were used in the freezing 
measurements had been used by Moore in an earlier experiment (13). In 
column 6 of table 3 are given values of the pressure potentials of these soils at 
thmr moisture equivalents which were obtained from Moore’s curves. It became 
apparent from these comparisons that an important factor, not measured by the 
tensiometer, was operating to depress the moisture potentials as calculated from 
the freezii^ points. The electrical conductivities accordingly were measured on 
1:1 aqueous suspensions of sJl the soils used in this investigation in order to esti¬ 
mate the abundance of dissolved solutes. The conductivity cell consisted of 
plane, parallel, platinum electrodes. The cell was calibrated with 0.01 N KCl, 
and the cell factor was found to be 4.45 cm. The aqueous su^ensions were pre¬ 
pared by adding to a 20-gm. sample of air-dry soil a wdght of boiled, ^iistill e d 
water equivalent to the wei^t of oven-dry soil present. The shaker bottles in 
which thqy had been placed were stoppered, allowed to stand for 8 hours, and 
then diaken for 1 hour in a reciprocating shaker. The bottles were placed in an 
upright poation and the suspensions allowed to settle. The supanatant liquid 
was then poured into the electrode vessel and the net resistance in Abma deter¬ 
mined by means of a Wheatstone bri(^e operating on 1000 cycles A.C. Multi¬ 
plication by the cell factor gave the ^ecific resistance in ohm-centimeters. 

The method of Sokoloff (25) was employed in estimating the concentration of 
dectrdlytes in the liquid, tiie assumption bdng made in the calculation that, the 
concentrations of sodium and chloride ions, respectively, were less than 20 m.e. 
per liter. The dectrolj’te concentration at the moisture equivalent was thwi 
estimated by assuming that the quantity and quality of dissolved solutes under- 
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Fig. 2. Freezing Points op Soils in Relation to Their Moisture Contents 
Corresponding moisture equivalents and permanent wilting percentages are shown beside 
the soil numbers at the tops of the graphs 


went no change during reduction in moisture content from a 1! 1 ratio down to 
the moisture equivalent, and that the concentration of solutes, and also the 
osmotic potenti^, are inversely proportional to the moisture content. 
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The osmotic potential, «, was determined from the calculated electrolyte con¬ 
tent at the moisture equivalent by means of Day’s (5) equation 


Cl) 


RT 

1000 


^TTli 


(S) 


in which 

22 = gas constant (ergs-mols"^-degrees absolute"^ 

T — temperature (degrees absolute) 

rrii = sum of molalities of all solutes present 

The conductivities were measured at 24®C. In the calculations the low solute 
concentrations which were obtained as milligram equivalents per liter were con¬ 
sidered equal to molality X 1000. Since, according to Guggenheim (7, p. 104) 

TABLE 4 


Comparison of orotic potential and moisture potential at the moisture equivalent 


SOILNmCBES 

SFECznc coin>na^ 
ANCE OF 1:1 
STISFEKSION 

ZIECISOLYTE 
COKCENTRATXON 
OF 1:1 
SUSPENSION 

ELECTSOLFTB 

CONCENTRATION 

ATICOISTDSE 

EQUIVALENT 

osuonc 

POTENTIAL 

AT MOISTUSC 
EQUIVALENT 

Ca>) 

MOISTURE 

POTENTIAL 

AT MOISTURE 
EQUIVALENT 

Oi) 


mhos 1^ X iO* 

mx.lUicr 

m,e.!liter 



S48 

20.3 

4.68 

85.1 

-2.1 

-1.3 

1260 

12.5 

2.88 

67.0 

-1.7 

-2.3 

623 

10.5 

2.42 

15.0 

-0.4 

-0.73 

1251 

28.1 

6.70 

37.0 

-0.9 

-1.2 

607 

18.7 

4.30 

26.5 

-0.7 

-0.73 

1252 

30.4 

7.00 

31.1 

-0.8 

-0.98 

1253 

34.0 

7.82 

31.3 

-0.8 

-1.2 

616 

54.9 

12.62 

46.9 

-1.1 

-1.3 

1254 

28.1 

6.46 

24.6 

-0.6 

-1.2 

611 

68.0 

15.64 

43.5 

-1.1 

-0.98 

619A 

11.3 

2.60 

8.3 

-0.2 

-0.85 

604A 

46.7 

10.76 

48.8 

-1.2 

-1.2 

613 

.... 

.... 

.... 


-1.6 

Mean. 

-0.97 

-1.19 


for solutions less than one-tenth molal, the temperature is without effect upon the 
ionic activity, the osmotic potentials calculated at 297® absolute may be directly 
compared with the moisture potentials calculated at 273° absolute, from the freez¬ 
ing points. The results of these calculations are given in table 4. 

Most of the osmotic potential values are numerically lower than those for the 
moisture potential. Excluding soils S48 and 611, for which the calculated os¬ 
motic potential exceeds the moisture potential, the average ratio a: pis 0.7. The 
conclusion to be drawn is that for these soils the data are consistent with the 
hypothesis that at the moisture equivalent the depression of the moisture poten¬ 
tial is laj^dy due to solutes present in the soil moisture. DiJfferent soils which 
differ in their solute concentration at the moisture equivalent must, therefore. 
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be expected to differ considerably in their moisture potential at that moisture 
content. 

These conclusions are in agreement with the results of freezing measurements 
obtained by Burd and Martin (4) for another group of California soils. They 
showed clearly that at high moisture contents the freeziog point depression of the 
soil was always slightly in excess of, but ^reed rather closely with, that of the 
displaced solution. The freezing point depressions which Burd and Martin ob¬ 
tained for moist soils are of the same order of magnitude as those reported in the 
present paper at moisture contents about the moisture equivalent, thus su^est- 
ing similar solute concentrations for the two lots of soils. Numerous investigar 
tors (2,8,17) have shown that leaching diminishes the freezing point depresmon 
of soils at h%h moisture contents, and this has been attributed chiefly to the re¬ 
moval of electrol 3 d«s. 

Aside from the small contribution of the pressure potaitial, the observed vari¬ 
ations in moisture potential at the moisture equivalent are largely due to varia¬ 
tions in solute concentrations. The results ^ow that the activity of the soil 
moisture may be depressed or increased, re^ectively, by the addition or removal 
of solutes. 


Moisture potential at the permanent wiUing percentage 

During the course of the investigation, and after most of the freezing point 
measurements had been completed, the stock supply of soils 1250 to 1254, inclu¬ 
sive, was destroyed by fire in 1938. On this account the measurements of tiie 
perman^t wilting percentages could not be obtained for all the soils. For those 
soils whose wilting point was measured, sunflower seeds were planted in cans con- 
tainii^ 400 gm. of soil, which was hnmediately brou^t to field capacity. Aft^ 
one or two additional irrigations the plants had devdoped three sets of leaves 
and were then allowed to wilt. Wh«i the top leaves were definitdy wilted and 
the lower sets beginning to droop, the plants were placed in a humid chamber. 
If they failed to recover within sevraral hours they were ranoved and each can, 
with contents, was weighed. A correction was applied for the moisture content 
of the plant roots by assuming thdr moist wd^t equalled half that of the tops, 
and that eight tenths of this wd^t was water. The results are induded in table 
5. Statistical miamination showed that the distribution of values within a set of 
replicates for a sicgle soil was in good agreement with data by Ydhmqrer and 
Hendrickson (33) and with unpublished data by Ydhmeyer. 

The freezing point depressions corresponding to the permanent wilting per¬ 
centage have been obtained from the curves of figure 2. The corre^onding 
moisture potentials have bemi calculated by means of equation {B) and are shown 
in table 5. The mean value of —18.1 X10* eigs per gram corre^onds to a pres¬ 
sure of about 18 atmospheres. Table 6 summarizes the moisture potential values 
obtained by others for the permanent wilting percentages of different soils, udng 
different methods. Becent measurements of Bichards (18) by the pressure mem¬ 
brane method indicate values of the same order of magnitude, although the actual 
values at the wilting point were not reported. 



236 


GEOFFBBT B. BODMAN AND PAUL R. DAY 


Considerable dififerene^ exist in the moisture potentials of these soils (table 5) 
at their respective wilting points. Vrihmeyer and Hendrickson (34) using the 
seed-absorption method of Shull (24) with other soils, and Schofield and Botelho 
da Costa (20) using the freezing point method, also obtained differences in this 

TABLE 5 


Freezing point depression and moisture potential at the permanent wilting percentage 


soiLmncBEx 

VEXSIANEST TTZXTIKG 
PESCEZTEAGE 

UOISTDXE EQinVAlSNT 

PEXICAMENT WILUNG 
FESCENTAGB 

PSEEZZNG POINT 
DEPSESSION AT 
PESICANENT WXLUNG 
PESCENTAGE 

HOISTDBE POTENTIAL 
AT PESICANENT WILT^ 
ING PESCENTAGE 




*c. 


S48 

2.0 

2.74 

1.16 

-14.2 

623 

5.9 

2.75 

0.84 

-10.3 

607 

6.1 

2.67 

1.80 

-22.0 

616 

12.8 

2.10 

1.85 

-22.6 

611 

15.7 

2.30 

1.46 

-17.8 

619A 

20.5 

1.52 

1.48 

-18.1 

604A 

14.0 

1.98 

1.80 

-22.0 

613 

19.8* 

2.00 

....t 

....t 

Mean. 

1.48 

-18.1 



* Wilting determination by T. J. Marshall. 

t Freezing point could not be obtained at the permanent wilting percentage. 


TABLE 6 


Moisture potentials at the permanent wilting percerUage as obtained by different investigators 


SOIL 

PESICANENT 

'V7ZI31NG 

PEXCENTAGB 

MOISTUSE 

POTENTIAL 

ZNVESTIGATOX AND 

iosthqddsed 



xio^ 


Sand. 

1.39 

-11.6 

Thomas (28), 

Greenville loam... 

9.30 

-17.5 

vapor pressure 

West Logan clay loam. 

11.00 

-11.6 

Average of three soils. 


-18.0 

Edlefsen (6), 
vapor pressure 

M. 

3.7 

-11.5 

Veihmeyer and 

DS. 

4.2 

i -22.7 

Hendrickson 

Y. 

8.9 

1 0 

(34), water ad¬ 


10.2 

1 -21.6 

sorption by 


12.5 

-25.4 

seeds 

YC. 

14.0 

-13.7 



r^ect, although the logarithmic character of the pF function (2,20) masks the 
differences when results are reported in terms of pF. 

The relationship between moisture potential and relative moisture content 
(total moisture percentage/moisture equivalent percentage) is shown, for the 
entire group of soils, in figure 3. 
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INFLUENCE OP MECHANICAL ALTERATION OP STRUCTURE ON FREEZING POINTS 

Stirring, mixii^, vibratii^, or in any way shearii^ a moist soil generally pro¬ 
duces what is termed a “puddled'’ condition. The violent treatment of the soil 
i^r^ates alters the apparent size distribution of the particles, which is inti¬ 
mately connected with the porosity characteristics. Since soil texture has a 
strong influence upon the freezing point at a given moisture content, it is reason¬ 
able to e^^ect that the soil moisture-energy curve will be shifted as the result of 
an alteration in pore size distribution, and in total porosity. Thomas (29) has 
demonstrated that this occurs for hi^ ener^es of retention. The influence of 



.l5.3«ij67B9 ib'ii iz 
RELATIVE WETNESS ) 


Fja . 3. Relations between Moistube Potential and Relattve Wetness fob a Gboup 

OF 14 Caufobnia Soils 

The circles represent the moisture potentials plotted against the corresponding mean 
relative wetnesses. The band shows the standard errors of the moisture contents. The 
dots show the relations for individual soils at their permanent wilting percentages. 

puddling holds special interest in the energy range under investigation, for it is 
within this range that growing plants obtain their moisture. 

Soils were puddled in two different ways, described heranafter, and subse¬ 
quently freezing measurements were made. The methods of preparation are 
des^nated as methods A and B, respectively. 

Method A 

A 30-gm. sample of alr-diy soil was moistened by means of an atomizer to a 
desired moisture percentage and stored for 1 week in a tightly stoppered bottle. 
At the end of this time the sample was removed and placed in a ^ass bell-jar 
provided with a rubber diaphragm at the lajge end. By thrusting the arm 
through a small openii^ in the diaphragm, the sample could be thorou^y pud- 
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died by means of a spatula, without undue loss of moisture. The sample was 
repeatedly pressed and molded against the side of the jar, with as much shearii^ 
motion as posable. After a stated period of puddling, it was removed and 
placed in the freezing jacket, and a freezing determination was made in the 
usual way. 


TABLE 7 

Influence of ■puddling, by method A, upon {he freezing point depreseion of tm eoUe 


ALTAUOMT CXAY (604a) 


DTISATIOll 

07 

TSEATMENT Moisture 
content 


Freezing point Cbange in 
depression 

-j- point after 

Fuddled Unpuddled PU<idlmg 


Moisture 

content 


AIEBE CLAY LOAIC (619a) 

Freezing point Change in 
depression freezing 

- point after 

Fuddled I Unpnddted puddliiw 



Two soils, Altamont clay (604A) and Aiken day loam (619A), which contain 
very sinfiilar amounts of total clay, were treated in this manner at several mois¬ 
ture contents and for different periods. Comparison is made with the freezing- 
values for the normal soils in table 7. It is dew that the Altamont soil was sig¬ 
nificantly altered by the treatments and that the puddled diowed a 

greater freezing point depression than the unpuddled samples. The Aiken sdl, 
on the other hand, remained unaffected by the puddling. 

T^e major chang^ in die freezing point depression of Altamont clay occurred 
during the first 5 minutes of puddling. An additional 5-minute treatment was 
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\rithout effect. ARRiiming that the shift in freezing point depresaon is due to 
structural change, the greater part of this change is brou^t about durii^ the 
early stages of puddling. 

The higher moisture content diiring the puddling process appears to diminish 
slightly the effect of the puddling, a somewhat greater depresaon in freezii^ point 
bmng produced in the drier than in the wetter soil. The average moisture con¬ 
tents were, respectively, 0.67 and 0.93 times the moisture equivalent. 




MOISTURE CONTENT. PER CENT (CORRECTED) 

Fig. 4. Inflobncb of PoddiiING on the Febbzing Points op Sons 

Method B 

In the second method of puddling, 300-gm. smnples of the same two soils were 
stored for 2 days at moisture contents dose to thdr moisture-equivalent values. 
They were then removed and puddled continuously with a spatula for 3 hours, 
with occaaonal additions of wata: from the atomizer to keep &em near thdr 
stidiy points. They were dried at room temperature for appronmatdy 1 week, 
and then gently crudied with a rubber pestle to pass a 2-mm. screen. At this 
stage it was observed that both soils conasted of very hard angular fragments, 
quite different in visible structure from the original samples. EaA puddled 
soil, after thorough mixing, was moistened to a series of different moisture con- 
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tents and then stored for 1 freek for subsequent determination of the freezing 
point. Figure 4 shows the results of these treatm^ts. 

The treatment given the soils in method B was probably as severe as would 
ever be attmned in practice and had as its aim violent mechanical diversion 
of a^regates. The results are essentially the same as those obtained in method 
A. The effect on the enei^ curves was small but significant for the Altamont, 
and n^ligible for the Aiken. It is concluded that at these energy levels (between 
approximatdy —1 X 10® and —18.3 X 10* ei^ per gram) either the pore size 
distribution has a minor infiuence upon the moisture potential relative to other 
factors, or, because of the stability of the microstructure, no great alteration is 
brought about in the quality of the pores. It appears that structural stability 
is an espedally prominent characteristic of the kaolinitic Aiken clay loam, a con- 
cludon based not only on its behavior in the present ease, but also upon other 
laboratory and fidd evidence. 

In an earlier section, it has been shown that the cryoscopic technique, as well 
as other methods, indicates that plants growing in normal soils show no permanent 
distress symptoms with r^ard to thdr moisture supply until a moisture potential 
in the range of —10 X 10® to —23 X 10* ergs per gram is reached. In view of 
work reported by certain other investigators, these results are of particular 
significance. It has been observed by McGeorge and Breazeale (11) that plants 
diow early symptoms of moisture stress in soils that have been previously pud¬ 
dled. Since in these experiments it has been shown that puddling has so small 
an effect on the energy cun'e, it is doubtful whether the resulting harmful effects 
on plant growth can be attributed to increased energy of retention per se on the 
part of the soil. The results obtained by McGeoige and Breazeale may be 
explained quite as well on the basis of an increased resistance to root penetration 
and a reduction in permeability® of the soil, caused by the puddling treatments. 

WATER CONTENT AT CONSTANT MOISTURE POTENTIALS IN RELATION TO CLAY 
CONTENT AND TO FREEZING POINTS OF EXTRACTED CLAYS 

The moisture contents of the soils at moisture potentials between —1 X 10® 
and —30 X 10® CTgs per gram have been obtained from the freezing point depres- 
aon curves (figure 2) and examined in rdation to the corresponding contents of 
clay finer than 2 y.. The results are plotted in figure 5, which shows that a 
distinct correlation exists between clay content and moisture content at a con¬ 
stant moisture potential. This is true for all moisture potentials at which the 
rdationship was examined. It is observed that what may be termed the “clay 
coefficient” is considerably less at the lower values of y than it is at the higher 
values. This suggests that factors other than the mere total amount of day 
play an increadngly important role as the energy levds of the soil moisture 
diminidi. 

The importance of the contribution of the osmotic potential to the moisture 
potential at the moisture eqidvalent (avenge y *= —1.05 X 10® ergs per gram) 

* The specific permeability defined in terms of unit potential gradient. 
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has already beea pointed out. The increase in concentration of the soil solution 
Tnth diminution in water content mi^t be regarded, per se, as one possible 
explanation of the reduced magnitude of the day coeffid^t. Examination of 
the experimoital data upon which the curves of figure 5 are based, however, 
su^ests that but little significance can be attached to the solute concentration 
in this respect. Calculation of the solute concentrations at the vanous moisture 
levels, by means of the assumption that an inverse rdation exists between con¬ 
centration and moisture content, shows that of those points lying below the 
e^qjerimental curves for the respective ii values, only about one third of the 
number have solute concentrations in excess of the mean for the group. In 



Fig. 5. Relations between Moistube Content and Clay Content at Constant 
Enebgt Levels of Soil Watbs 

other words, of those soils tending to flatten the curves, those containing solutes 
in concentrations bdow the mean somewhat exceed in abundance those having 
solute concentrations in excess of the mean. Since no information was obtained 
of the particular differences in ionic distribution between solid and liquid phases 
of the soils which accompany differences in thdr moisture content, notiung is 
known bf the corresponding differences in pressure and osmotic potentials and 
no more exact condusion can be drawn concemii^ these influences upon the 
differmces in magnitude of the clay coeffident. That the soil days undoubtedly 
exist in a more highly a^r^ated state, owii^ to both chemical and mechanical 
effects, at the lower energy levels than they do at the higher, is probably a con¬ 
tributing factor. 

Consideration was ^ven to the possible effect of differences in the mineralogical 
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character of the colloidal clays themselves upon the freezing point curv^ of the 
soils containii^ them. For this purpose the clay's (<2 n) were extracted by' 
repeatedly stirring 3 per cent aqueous suspensions of separate samples of soil 
with a motor propeller, allowii^ them to settle for the necessary time, and decant¬ 
ing between stirrings. The decanted clay suspensions were dewatered by means 
of a Pasteur-Chamberland filter. Ten decantations were made, and about half 
the clay was removed from each of seven of the soils in this way. The clays were 
then air-dried, ground in an agate mortar, passed through a 100-mesh silk sieve, 
and well noixed. Ten-gram samples were taken for the freezing experiment and 
moistened, in the same manner as the soils, to a series of suitable moisture con¬ 
tents. In addition to the seven soil clay's, two clay minerals, montmorillonite 
(in the form of “Volclay” bentonite) and a sample of ground kaohnite', were also 
included in the set for purposes of comparison. The x-ray diffraction patterns 
of the colloids of six of the soil series here considered have been examined by 

TABLE 8 


Minerals idetUified by x-ray diffraction in certain extracted clays 



CLAY 

SAOUKIIE 

MONTICOSZLLONITE 

Illite 

other 


Num¬ 

ber 

Name 

MINERALS 

IDENTIFIED 

REFERENCE 


Yolo 

None 

Predominates 

None 

Quartz 

\ Kelley et al. 


Vina 

Predominates 

Trace 

None 

Quartz 

I (9) 

623 

Sierra 11 

Predonunates 

Trace 

Trace 

Quartz, 

rutile 

' Perry (16) 

626 

Holland 11 

Predominates | 

1 None 

Present 

Quartz 


1 

619 

Aiken 

Predominates 

Trace 



1 Marshall (12) 

613 

Stockton 

Trace 

Predominates 


.... 


Kdley et al. (9), Perry (16), and Marshall (12). It has been emphasized by Kelley 
and associates that the soil colloids represent a mixture of several mineralogical 
species, but usually contain a relative abimdance of some one predominating 
clay mineral. Quartz is almost always present in considerable amounts as a 
supplementary mineral. The list of identified minerals is given in table 8. 

Figure 6 contains the freezing data for the days. The curves lie between those 
for the soils on the one hand and those for bentonite and kaolinite on the other. 
'When the soil colloids alone are considered, kaolinitie types tend to occur on the 
left and montmorillonitic types on the r^t; if, however, the bentonite and 
kaolinite are taken into account, the position of the freezing curves is more or 
less independent of the tyrpe of predominating mineral species. 

The first and most obvious explanation of the results is that the distiribution of 
partide dzes within the day fraction is of predominatiig influence on the energy 

' The bratonite was pnovided by the American Colloid Company, Chicago. The kaoli* 
nite came from the McNamie mine near Lan^cy, South Carolina, and was provided through 
the kindness of P. R. Stout (27). 
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curve. The formation of the clay minerals may take place by a synthetic com¬ 
bination of ions in much the same manner as the ordinary processes of crystal¬ 
lization (14). In such cases the particle sizes probabty depend upon the con¬ 
ditions of weathering, including the time of exposure, and upon the properties of 
the particular lattice in process of formation. In other cases the particles may 
represent residual products of former minerals which have been decomposed by 
weathering processes. According to the theory of capillarity, the energy curve 
will depend upon the configuration of the pores, which in turn depends upon the 
sizes, shapes, and relative positions of the particles. According to multi- 
molecular adsorption concepts, the amount of water retained at a given moisture 
potential depends upon the amount and nature of the surface accessible to water 
molecules. Therefore both theories support the prediction that the relative 
abundance of small and large particles in the colloidal fraction will influence the 
energy curve. 



MOISTURE CONTENT. PER CENT (CORRECTED) 

Fig. 6. Freezing Points of Soil Clats in Relation to Their Moisture Contents 

A second interpretation of the curves depends upon the observation that dif¬ 
ferences of a fundamental nature, aside from particle size, exist between the 
constituent colloids of certain of these soil types. Inasmuch as the mechanism 
of sorption of water in colloidal systems is not yet fully understood, it is not 
possible, except in a qualitative way, to predict the manner in which these dif¬ 
ferences affect the moisture potential- According to the theory of capillarity, it 
can be maintained that the differences in chemical and physical properties of 
the particles give rise to different structural arrangements and therefore to dif¬ 
ferent energy curves. Multimolecular adsorption theories permit the alternative 
view that the nature of the surface influences the intensity of retention of mois¬ 
ture directly. 

There is striking agreement in two instances between clays extracted from 
soils of giTuilRT parent materials. The Holland and Sierra series, which have been 
formed by residual weathering under veiy similar climatic conditions from similar 
parent materials, give nearly identical energy curves for th^ extracted clays. 
The clay of the Altamont series, which is a primary soil derived from sedimentary 



244 


GEOFFREY B. BODMAN AND PAUL B. DAY 


rocks in the mountains of the Coast Range, pairs in a sinular manner with that 
of the Yolo series, an alluvial soil derived from the same or similar sources. The 
Vina series, which is a secondary soil derived by erosion from areas of Aiken soils, 
does not show as good agreement with the Aiken as does the Yolo with its corre- 
^onding reridual soil, the Altamont. This may be due to the presence of ex¬ 
traneous material brought in from other sources during the deposition of the Vina 
soil. It is also to be observed that, where sampled, the two soils now occur under 
markedly different climatic conditions (table 2). The P-E index of the Aiken 
is three times as great as that for the Vina, and differences in the predominating 
kind of weathering, not revealed by the x-ray diffraction patterns, may have 
been brought about. The results strongly suggest that factors common to soil 
clays of simil ar origin give rise to similar enei^ curves. The processes of erosion 
and deposition which were responsible for the production of the Yolo soils appear 
not to have influenced the energy curves of the clays, which, in part at least, 
were derived from the Altamont soils in more elevated positions. 

The factors that give rise to different freezing curves of soil days seem to be of 
considerable complexity, but it is of importance to note the e^erimental fact 
ihat such differences exist. On the other hand, the data just presented show that 
certain soil features seem to be a^ciated with eneigy curves that are similar. 
These sinularities mi^t be produced by a balancizg of factors; for example, the 
effects of different surface properties may be balanced by the effects of different 
particle sizes. Certain r^ularities seem to exist in spite of such a possible 
balancing, however, and for this reason considerable significance is attached 
to the fact that similarities of origin are associated with similarities in the energy 
curves. 

SUMMARY 

The influences of moisture content, texture, dissolved solutes, constituent 
days, and mechanical alteration of structure have been studied with regard to 
thdr effects upon the freezing point depression of soils. The corresponding 
moisture potentials have been calculated by means of the freezing point equation. 

The moisture potential at the moisture equivalent is influenced principally by 
the osmotic effects of dissolved solutes, for the soils investigated; the pressure 
potential makes a rdativdy small contribution to the moisture potential at this 
soil-moisture content. 

At the permanent wilting percentage, wide variations were found to exist in 
the moisture potential from soil to soil. The evidence of this paper su^ests that 
the energy of rotation at the permanent wilting percaitage is in the order of 
magnitude of —18 X 10* ergs per gram, correi^nding to an equivalent pressure 
of about 18 atmospheres. This is in general agreement with values reported by 
other investigators. 

Drastic mechanical treatment had only a di^t influence on the energy curves. 
This was attributed to a hi^ d^ee of stability of tire microstructure—an effect 
e^edally mphasized in the case of the kaolinitic AJken soil. Lrespective of the 
cause, puddling had a rather small effect on the energy curves, and abnnmiftl 
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moisture deficiencies of plants growing in puddled soils should be attributed to 
factors other than the intensity of retention of water. 

The clay content of the soils, among other influences, affects the moisture con¬ 
tent corresponding to a given moisture potential. This influence becomes pro¬ 
gressively less as the energy level diminishes. It appears that the higher con¬ 
centrations of the soil solution, which are necessarily associated with the lower 
soil moisture contents, are not responsible in themselves, through their osmotic 
potentials, for masking the effect of the clay. 

The different soil clays display widely differing moisture potential curves. 
The curves for the clays lie between those for the natural soils on the one hand 
and those for bentonite and kaolinite on the other. Kaolinitic types tend to be¬ 
have as though they were coarser-grained, though there is no clear-cut relation¬ 
ship between the position of the energy curve and the type of predominating 
clay mineral present. Soils of related genetic origin tend to show similar energy 
curves. Unless this is due to a balancing of factors, it appears that the surface 
properties, extent of surface, and structural configuration are very much the same 
for colloids from soils of related origin. 

REFERENCES 

(1) Bodman, G, B., and Day, P. R. 1937 Thermoelectric method of determining the 

freezing points of soils. Soil ScL Soc. Amer. Proc. 2: 6&-71. 

(2) Botelho da Costa, J. V. 1938 The indirect determination of the “wilting coeffi¬ 

cient” by the freezing-point method, and the influence of the salts upon the pF 
at that critical moisture content. Jour. Agr. Sci. 28: 654-662. 

(3) Bridgman, P. W. 1918 Thermo-electromotive force, Peltier heat, and Thomson 

heat under pressure. Proc. Amer. Acad. Arts and Sd. 53: 269-386. 

(4) Bxtbd, J. S., and Martin, J. C. 1923 Water displacement of soils and the soil solu¬ 

tion. Jour. Agr. Sci. 13: 265-295. 

(5) Day, P. R. 1942 The moisture potential of soils. Soil Sci. 54: 391-400. 

(6) Edlefsen, N. E. 1934 A new method of measuring the aqueous vapor pressure of 

soils. Soil Sci. 38: 29-45. 

(7) Guggenheim, E. A. 1933 Modem Thermodynamics by the Methods of Willard 

Gibbs. Methuen and Co. Ltd., London. 

(8) Hoagland, D. R. 1918 The freezing point as an index of variations in the soil 

solution due to season and crop growth. Jour. Agr. Res. 12:369-395. 

(9) Kelley, W. P., et al. 1939 The colloidal constituents of California soils. Soil 

Sci. 48: 201-255. 

(10) Landolt-BObnstein 1923,1927 Physikalisch-Chemische Tabellen. EEauptwerkll: 

1459 (1923); Erganzxmgsband I: 798 (1927). Julius Springer, Berlin. 

(11) McGeorgb, W. T., and Brbazeale, J. F. 1938 Studies on soil structure; effect of 

puddled soils on plant growth. Ariz. Agr. Exp. Sta. Bui. 72. 

(12) Marshall , T. J. 1941 The water conductivity functions of a kaolinitic and a 

montmorillonitic soil colloid. Doctoral thesis, University of California, 
Berkeley. 

(13) Moore, R. E. 1939 Water conduction from shallow water tables. Silgardia 12: 

383426. 

(14) Noll, W. 1936 tlber die Bildungsbedingungen von Kaolin, Montmorillonit, Sericit, 

Pyrophyllit und Analcim. Mitt. Mineral, u. Petrograph. 48: 210-247, 

(15) Parker, F. W. 1922 The classification of soil moisture. Soil Sci. 13:43-64. 



246 


GEOFFREY B. BODMAN AND PAUL E. DAY 


(16) Peeey, E. P. 1939 Profile studies of the more extensive primaiy soils derived from 

granitic rocks in California. Doctoral thesis, University of California, 
Berkeley. 

(17) Pinckney, R. M. 1924 Freezing points of soils at the moisture eqiuvalent. Thesis, 

Univerrity of Minnesota, Minneapolis. 

(18) Richabds, L. a. 1941 A pressure membrane extraction apparatus for soil solution. 

Soil Sci. 51: 377-585. 

(19) Rtjssell, M. B., and Richards, L. A. 1938 The determination of soil moisture 

energy relations by centrifugation. Soil Sci. Soe. Amer. Proc. 3:65-69. 

(20) Schofield, R. K., AND Botelho DA Costa, J. V. 1935 The determination of the pP 

at permanent wilting and at the moisture equivalent by the freezing point 
method. Trans, Third Intematl. Cong, Soil Sci, 1: 6-10. 

(21) Schofield, R. K. 1935 The pF of the water in soil. Trans, Third Irdernatl, Cong, 

Soil Sci, 2: 37-48. 

(22) Schofield, R. K., and Botelho da Costa, J. V. 1938 The measurement of pF in 

soil by freezing point. Jour, Agr. Sci, 28:644-653. 

(23) Shaw, C. F. 1937 Some California soils and their relationships. Univ. Calif. 

Syllabus Series, Syllabus JD. University of California Press, Berkeley. 

(24) Shull, C. A. 1916 Measurement of the surface forces in soils. Bot, Gaz, 62: 1-29. 

(25) SOKOLOFF, V- P. 1940 A rapid method of checking the accuracy of reported water 

analyses. Soil Sci, 49: 57-62. 

(26) Storie, R. E., and Weir, W. W. 1941 Key to soil series of California. Assoc« 

Students Store, University of California, Berkeley. 

(27) Stout, P. R. 1939 Alteration in the crystal structure of clay minerals as a result 

of phosphate fixation. Soil Sci, Soc, Amer, Proc, 4:177-182. 

(28) Thomas, M. D. 1921 Aqueous vapor pressure of soils. Soil Sci, 11:409-434. 

(29) Thomas, M. D. 1928 Aqueous vapor pressure of soils: 111. Soil structure as 

influenced by mechanical treatments and soluble salts. Soil Sci, 25:409-418. 

(30) Thornthwaitb, C. W. 1931 The climates of North America. Geogr. Rev, 21: 

633^. 

(31) Thornthwaite, C. W. 1941 Atlas of climatic types in the United States 1900- 

1939. U. S. Dept. Agr. Misc. Pub. 421. 

(32) U. S. Department of Commerce, Weather Bureau 1940 Climatological Data, Cali¬ 

fornia Section, vol. XLIV, no. 13. 

(33) Veihm£yer,F. J., and Hendrickson, A. H. 1928 Soil moisture at permanent wilting 

of plants. Plant Phys, 3: 350-357. 

(34) Veihmeyer, F. J., and Hendrickson, A. H. 1934 Some plant and soil-moisture 

relations. Amer. Soil Survey Assoc, Bui, 15: 76-80. 

(35) White, W. P. 1928 The Modem Calorimeter. Chemical Catalog Co., New York. 



A SOIL TUBE FOR OBTAINING WET CLAY CORES IN AN 
UNDISTURBED STRUCTURAL CONDITION 

A. J. STEWARTi 

Soil Conservation Service^ U. S. Department of Agriculture^ 

Received for publication November 30,1942 

Certam recent soil moisture investigations at the Blacklands Experimental 
Watershed Project near Waco, Texas, have required laboratory study of wet, 
structurally undisturbed samples from a hea\y clay soil. The experiments on 
the areas under investigation do not permit undue disturbance of the soil; conse¬ 
quently, excavation to obtain subsurface samples cannot be resorted to, and 
since none of the soil tubes and core cuttem with which the author is familiar 
are suitable for obtaining deep, undisturbed samples from a heavy clay soil when 
in a wet and sticky condition, it was necessary to design and build a special 
sampling tube. 

Many types of tubes and core cutters are described in the literature. The 
King tube (5) and modifications by Yeihmeyer (10) and Harper (4) are well 
known. Other tubes and core cutters for obtaining soil samples have been 
devised hy Kopp (6), Cuny (3), Stevenson (9), Slater and Byers (8), Neller 
(7), Coile (2), Bradfield (1), and others. All of these require excavation for 
obtaining subsoil samples, or are in other ways unsuitable for use in a wet, 
sticky soil. 

Efforts to obtain undisturbed cores with tubes ha\dng the usual more or less 
conventional types of cutting heads led to the design of the tube herein described. 
It is a departure in soil tube design and in the material out of which it is made, 
but with it satisfactory cores can be obtained from a clay soil when in a moist to 
veiy wet condition. In figures 1 and 2 are shown close-up views of the cutting 
head and of the tube in operation. Sectional views of the cutting head are shown 
in figure 3. 

The cutting head is made of copper. Before the tube is used, the suri'aces of 
the cutting head are thoroughly coated with mercury, both inside and out. 
This produces a veiy slick surface, to which the wet clay exhibits but little 
tendency to stick. A long outside taper and an abrupt increase in bore diameter 
of approximately ^ of an inch, taking place as near to the mouth of the tube as 
the thickness of the walls of the cutting head will safely allow, further reduce the 
friction between the soil and tube head to the extent that noticeable compression 
of the core does not occur. 

In operation, the tube is forced into the soil with a screw jack. An improvised 
jack made out of materials on hand at the project is shown in figure 2. The tube 

1 Associate soil technologist. Acknowledgment is herein made of assistance received 
from Curtis J. Thomason, junior agricultural aid, in the work involved in designing and 
testing this tube. 

® Blacklands Experimental Watershed Project, Waco, Texas. 
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LONGITUDINAL SECTION THROUGH FINS 

Fig. 3. Sectional Diageanl of the Cutting Heab 
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is held by hand so as to prevent rotation until the de.'^ired depth is reached. It 
is then given a quarter of a turn before being brought upward. This allows the 
two grooves in the side walls of the hole, made by the fins in the tube head (fig. 3), 
to function as passageways by which air can reach the bottom ot the hole. With¬ 
out these air passageways enough suction is created upon bringing up the tube, 
to pull the core back through the cutting head. The core's are received in re¬ 
movable brass tubes. The part of the core remaining in the bore of the cutting 
head is pushed into the brass tube with a plunger of the same diameter as the 
bore of the cutting head. The soil tube is then inverted, and the brass tube and 
core readily slide out. 



Fig 4. Cores prom Wet Houston Black Clay 

Numbers beneath cores designate the approximate soil depths, in inches, from which 

the cores were obtained 

Driving the tube into the soil with a hammer seems to cause some compression 
of the soil ahead of the tube and often shatters the core as well. It is probable 
that this compression will occur even vrhen the tube is advanced into the 
soil with a jack, if advancement is too rapid. 

The tube is provided with exchangeable extensions for shallow or deep borings 
so that the same jack may be used for all depths. 

An effort has been made to show pictoriaJly the character of the cores obtain¬ 
able with this soil tube. Figure 4 gives longitudinal views of the cores from 
two areas, which were taken when the soil was approximately at its field capacity 
in moisture content. The soil depth, in inches, from which each sample was 
taken is given below each core. In obtaining these cores the tube was not 
always advanced into the soil exactly to the depths indicated; consequently, a 
comparison of the actual lengths of these cores with the lengths suggested by 
the depth intervals is not a criterion for determining core compression. Cores 
from the lower depths are equal in length to the distance which the tube advances 


250 


A. J. STEVART 


into the soU. Cores from the surface 6 inches, however, generally are f to 1J 
inches shorter than the distance of penetration. This is attributed to the loose 
structure of the surface soils and to the smallness of the tube diameter. It is 
recommended that for surface sampling a tube of larger diameter be used. 
Roots, likewise, tend to disturb the structure of a surface core, since, because of 



Fig. 5. Photomicrographs op Cross-Sections op Cores prom Wet Houston 

Black Clay 


Upper left, meadow soil, 2-inch depth, upper right, meadow soil, 6-inch depth; lower 
left, meadow soil, 48-inch depth; lower right, cultivated soil, 48-inch depth. 

Magnification 2.3 to 2.6 X. 

the softness of the material used, the cutting edge may not be sharpened to the 
degree necessary to cut, without concurrent soil disturbance, all roots that may 
be encountered. 

The total additive lengths of the cores shown in figure 4 are 99.2 and 97.5 
per cent of the distance of penetration of the tube into the meadow soil and the 
cultivated soil, respectively. All of the core compression apparently occurred 
in the cores from the surface 6 inches. 
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In fig^^e 6 are shown cross-sectional views of some cores obtained with this 
tube. Disturbance of structure occurs only for a very small distance inward 
from the periphery of the core, evident in the photographs as a very thin rim. 

It should be pointed out here that because of the softness of the materials 
used and the slender design of the cutting head, the tube is necessarily limited to 
use in soils that are free of gravel and tou^ woody roots, and then only when 
these soils are in at least a moist condition. A tube with a cutting head made of 
hardened copper would not be subject to the limitations created by a lack of 
moisture or the presence of large roots, nor would it be so liable to injury by the 
encounter of gravel in a soil. It is probable, however, that the ability of copper 
to amalgamate with mercury may be impaired by the metals used in producing 
this tou^ alloy, and that the slick surface which seems so necessary in a tube 
for obtaining undisturbed cores from a wet clay cannot be obtained. Brass, 
thou^ harder than copper and readily amalgamable, has the property of becom¬ 
ing brittle when in contact with mercury. It was found unsuitable for use as 
material for the cutting head. 


STTMMABT 

A description of a new soil tube for obtaining structurally undisturbed cores 
from a wet clay soil is presented. The cutting head is made of copper and em¬ 
bodies a long slender design, with fins to eliminate suction when the tube is being 
withdrawn from the soil, and a very slick surface produced by a coating of mer¬ 
cury. Because of the softness of the metal in the cutting head, the tube is 
necessarily limited to use in a wet soil that is devoid of gravel and laige 
woody roots. 
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THE SWELLING OF QUARTZ SAND, SOIL COLLOID, AND 
ORGANIC COLLOID! 
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In a previous study^ the increased swelling of soils in water resulting from 
prior treatment with toluene was noted. The present study was extended to 
include the effect of prior treatment with toluene on the swelling of quartz 
sand, sod colloid, and colloidal organic matter. From such a study it was 
thought that the particular soil fraction most responsible for the increased 
sweUing resulting from toluene treatment could be determined, thereby possibly 
adding to the none too abundant supply of evidence as to the cause of structural 
stability in soils. 


MATERIALS AND METHODS 

Quartz sand was pulverized to pass throu^ a 140-mesh sieve, after which it 
was treated with concentrated HCl and finally washed free of acid with distilled 
water. The organic colloid, prepared from partly decomposed alfalfa hay, was 
from the same supply as that used in a previous study^ except that it was air- 
dried and pulverized to pass throu^ a 100-mesh sieve. The soil colloid was 
isolated from the B horizon of Crete silt loam, after which it was electrodialyzed, 
dried, and crushed to pass a 100-mesh sieve. 

Swelling measurements were made according to the method outlined previ¬ 
ously^ except that 0.9 gm. of organic colloid was used instead of 2 gm., which was 
the amount of the mineral samples. The swelling resulting from contact with 
water alone is reported as that for untreated samples. The tubes containing the 
samples to be treated with toluene were first stood in toluene for 20 minutes, 
after which they were immediately transferred to distilled water. 

EXPERIMENTAL RESUMS 

The percentage swelling of quartz sand, of the soil colloid, and of the organic 
colloid when wet with water alone and when previously treated with toluene 
before placement in water are shown in table 1. 

The swelling represents the increase in volume occupied by the solid material 
after standing in contact with water for 24 hours, expressed as the percentage of 

the original volume occupied by the air-dry material. The original volumes for 

• 

^ Contribution No. 342, department of agronomy. 

3 Myers, H. £. 1941 Some physicochemical aspects of soil aggregates. Soil Sci, 
52: 469-480. 

> Myers, H. E. 1937 Physicochemical reactions between organic and inorganic soil 
colloids as related to aggregate formation. Soil Sci, 44: 331-359. 

^ See footnote 2. 
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any one material were constant, baving been so made by moderate jarring of 
the tubes. 

The variation of the number of replicated measurements per type of material 
used in the esgperiment was due in part to the quantity of each material available. 
In all cases the replicate readings were very similar. Although only one reading 
is reported for the organic colloid, other readii^ using smaller samples verified 
the data reported herdn. 

It was recognized that the increased volume may have been the result of 
several factors, including (a) the greater afSnity of the internal surface of the 
mass for the liquid, which would infiuence the thickness of the adsorbed liquid 
films separating the particles; (5) gaseous occlusions in the system as a result of 
displaced adsorbed air which might become entrapped; and (c) tolua3.e occlu- 
rions that might result as a consequence of its di^lacement by water. It is 
believed that actual swdling due to the greater afiSnity of the mineral particles 
for water foUowir^ toluene treatment played an important role. Althou^ 
occluded gases formed as a result of the displacement of adsorbed air following 

TABLE 1 


Swiding of organic and inorgomie materiala as influenced by prior treatment loith toluene 


IIAIESIAL A2n> TBEATICENT 

mncBXK OF 
SAMPLES 

AVERAGE SELL¬ 
ING AFTER 

24 HOURS 

Quartz sand, untreated. 

16 

perectU 

3.8 

Quartz sand, toluene 20 minutes. 

16 

14.6 

S(^ colloid, untreated. 

^ 1 

65.9 

Soil colloid, toluene 20 minutes. 

5 

81.8 

Alfalfa colloid, untreated. 

1 

10.8 

Alfalfa colloid, toluene 20 minutes. 

1 

4.0 


the toluene-water treatment may have contributed to the increased volume, the 
displaced air probably increased the afiEinity of the particles for water, which in 
turn should have mcreased the thickness of the water film around the particles. 
The prior toluene treatment greatly increases the wetability of quartz by water. 
Oeduded toluene, as a factor in determining the observed results, was thor^t 
to be of little importance because of the ease with whidh the toluene was displaced 
by the water, and because the toluene was forced to the surface of the sa-nH by 
the entrance of water into the ^stem. 

The inability of water alone to cause much swelling in quartz sand is in agree¬ 
ment with practical observations. In contrast to tins ^e prior treatinent of 
the sand with toluene brou^t about a marked increase in the percentage of 
swellh^. Swelling under the latter condition was greater than the average 
sweQmg of four normal soils treated only with distOled water. The average 
swelling of the four soils in water alone was 11.7 per cent,* in contrast to 14.6 


* See footnote 2. 
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per cent for sand. Obviously the inability of sand to swell appreciably in the 
presence of water alone cannot be assigned to the absence of an expanding 
lattice structure. The failure may be more logically explained on the basis of 
the inability of water to wet completely the surface of the quartz and conse¬ 
quently the inability of the quartz to adsorb strongly the polar molecule, water. 

The prior toluene treatment permits more complete wetting of the sand and 
thereby should make possible greater swellmg due to polar adsorption of greater 
magnitude. The force with which the water is held by the toluene-treated 
quartz is su^ested by the convex meniscus formed by the sand in the ^ass tube. 
Since the glass is also thorou^y wet by the water after toluene treatment, it 
appears that the glass-water-sand system must be very rigid, at least enough so 
to resist the swelling force which expressed itself to the greatest extent m the 
center of the sand column. 

The differential swelling of the soil colloid with and without toluene treatment 
is similar to that of quartz sand but of a different order of magnitude. Whether 
the increase in swelling, due to prior toluene treatment, is lattice or nonlattice 
swelling cannot be determined from the observations made. Because of the 
coarser physical state of the quartz sand in comparison to the colloids and of the 
similarity in swdling in the two systems resulting from toluene treatment, it 
would appear that much of the additional swelling of the colloid could be the 
result of nonlattice swelling. 

The swellmg behavior of the organic colloid is in distinct contrast to that of 
the soil colloid and the quartz sand. Prior toluene treatment reduced the 
swelling of the organic colloid in water over that of water alone. 

If the behavior of the organic fraction of the soil in relation to toluene is 
similar to that of the organic colloid used in this e^eriment, then such bdiavior 
su^ests that the organic fraction of the soil does not exist as a complete covering 
over the mineral fraction. It was previously shown^ that the toluene treatment 
of soils resulted in an increase in the d^ee of swdling rather than a decrease, 
as shown by the isolated organic colloid. The increase in swelling due to the 
toluene treatment appears then to be associated with the mineral surfaces 
free of organic matter. 


* See footnote 2. 
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AND POTASSIUM BY BARLEY ROOTS 
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A sigmjScant trend of experimentation in the field of mineral nutrition of plants 
is based on the belief that the customary water culture techniques provide ade¬ 
quate means for the study of the effects of various combinations of electrolytes on 
plant growth in soils. Though this approach has been satisfactory for coarse- 
textured soils, its application to fine-textured soils encounters serious difficulties 
because of the presence of colloidal clay particles. The concept of the diffuse 
electric double layer and observable phenomena such as the suspension effect (10) 
and the contact effect (5) point to the fact that the activities of the ions in colloi¬ 
dal ^sterns are in large measure dependent on the properties of the colloidal 
particles themselves. Considerations of this kind focus attention on the in¬ 
fluence of the soil colloids, particularly their size and shape and the properties 
of their surfaces, on the mineral nutrition of plants in sofls. 

In the present paper are reported certain studies of the effect of the type of clay 
on the uptake of adsorbed zinc and potassium by barley roots. The investiga¬ 
tion comprises montmorillonitic and kaolinitic clays, which are important constit¬ 
uents of many soils and which differ fundamentally in their crystal structure (!)• 

ZINC UPTAKE PROM ZN-BENTONITE AND ZN-KAOLINITB 

Na-bentonite and ground Na-kaolinite were converted into zinc clays by leach¬ 
ing with normal solutions of Zn-acetate having a pH of 6.4. Excess acetate was 
removed with a 50 per cent solution of methyl alcohol. The amount of ex¬ 
changeable zinc on the clays was determined by leaching the materials with nor¬ 
mal, neutral ammonium acetate. The leachate was analyzed for zinc by means 
of the polarographic method (9). The amount of exchangeable zinc, expressed 
as divalent zinc, was found to be 120 m.e. per 100 gm. for the bmtonite clay, and 
22 m.e. per 100 gm. for the kaolinite clay. 

Six very dilute clay suspensions were prepared containing 0.05,0.25, and 1.00 
m.e. of exchangeable zinc as Zn-bentonite and Zn-kaolinite in 3 liters of distilled 
water. To each container was added 70 gm. of fresh, excised barley roots 
obtained according to the method of Hoagland and Broyer (4). The roots were 
left in the sui^ensions for 8 hours. During this time the sols were continuously 
aerated and frequently stirred in order to prevent settling of the mineral particles. 
The initial pH values of the clay suspensions varied between 6.91 and 7.19. At 
the end of the experiment the pH range was between 6.26 and 6.60. After the 
roots had been carefully and thorou^y rinsed in distilled water they were dried, 
ashed, and analyzed for zinc according to the dithizone method (3). An aliquot 

1 Division of Soils, Berkeley. 
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of the origiiial roots, after inunersion in distilled water for 8 hours, had a zinc 
content of 1.00 mgm. per 70 gm. of fresh roots. This value was subtracted from 
the test roots. 

The amount of zinc taken up by the active roots as a function of zinc concen¬ 
tration and type of clay is shown graphically in figure 1. The shape of the 
curves is typical of nutrient absorption of living roots. Noteworthy is the fact 
that the roots obtained more zinc from Zn-bentonite than from Zn-kaolimte. 
This holds true for all zinc concentrations invest^ated. The difference is great¬ 
est at low concentrations, where it amounts to over 90 per cent. These experi¬ 
ments were repeated in June and in August and in every instance more zinc was 
taken up from bentonite than from kaolinite. 

POTASSIUM UPTAKE FBOM K-BENTONITE AND K-KAOLDHTB 

Potasdum clays, obtained by the potassium acetate method, contained 73.5 
m.e. of exchangeable K per 100 gm. oven-dry material for K-bentonite and 15.4 
m.e. of K for K-kaolinite. K-bentonite and K-kaolinite sols were prepared 
having concentrations of 0.50, 1.00, 2.50, and 5.00 m.e. of exchangeable K in 3 
liters. Some of these suspensions were f^ly concentrated. For mcample, the 
S3rstems having 5 m.e. of exchangeable K corresponded to a 3.3 per cent bentonite 
sol and a 10.8 per cent kaolinite sol. 

To each jar was added 60 gm. of fresh barley roots wmghing 4.81 gm. when 
oven-dried, and containing 45.2 m.e. of K per 100 gm. oven-dry wei^t. The 
systoms were aerated and stirred for 8 hours. Then the roots were removed from 
fhe containers, washed, and analyzed for K by the cobaltinitrite method (2). 

The uptake of K from the various clay sols is shown in figure 2. The curves 
representing these K-systems are in substantial agreement with the data ob¬ 
tained with zinc clays. Again the roots tended to accumulate more cations from 
bentonite than from kaolinite, though the total amounts of exchangeable potas¬ 
sium were identical in the two series. The difference in behavior of the two 
days is more pronoimced at low concentrations, where the K-uptake firom bento¬ 
nite exceeds that from kaolinite by 90 to 100 per cent. At hi^er K concentra¬ 
tions bentonite and kaolinite bdiave dike. This range corresponds to the 
maximum absorption rate of the roots imder the conditions of the experiment. 

It is of interest to compare the pH changes that have occurred in ^e two day 
systems. Initially, the pH values of the bentonite and kaolinite sols were nearly 
identical, being 7.52 and 7.40, respectivdy, at the lowest concentration, and 8.12 
and 8.15, respectivdy, at the highest concentration. At the end of the experi¬ 
ment all systems were acid. The pH values of the bentonite sols varied from 
4.41 to 5.40, whereas those of the kaolinite sols ranged from 5.62 to 6.38. The 
amount of titrable acidity (exchangeable H-ions) was condderable and in some 
of the i^ystons was comparable to the amount of potasdum taken up by the roots. 
The sigmficance of these reaction changes will be discussed in one of the subse¬ 
quent sections. 

An experiment performed in May induded 85 gm. of fredi roots in 3 liters of 
sospendons containing 2.00 m.e. of K. Calculated on a 100-gm. basis, the roots 
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removed 1.93 m.e. of K from K-bentonite and 1.38 m.e. of K from K-kaolinite. 
This experiment was repeated in June, with 80 gm. of fresh roots. The uptake 
(100 gm. roots) from bentonite was 1.93 m.e. of K; from kaolinite it was 1.32 m.e. 
The absolute, and especially the relative, agreement between these experiments 
is representative of the reliability of the technique employed in these studies. 



J 4 J us IZ 

nt.2nm sol rt.£. K^msoL 

Fig. 1 Fig. 2 

Fig. 1. Uptake op Zinc prom Zr-Bentonite and Zd-Kaounite by Excised Barley Roots 

(July) 

All values on the axes refer to 100 gm. of fresh roots in 4.28 liters of sol 


Fig. 2. Uptake of Potassium prom K-Bentonite and K-Kaolinite by Excised Barley 

Roots (October) 

All values on the axes refer to 100 gm. of fresh roots in 5 liters of sol 


TABLE 1 


XJ'ptahe of Kfrom K-Yolo silt loam and K~Aiken clay by excised barley roots 
OVfiUiequivalents K per 100 gm. of fresh roots in 5.45 liters of suspension) 


son. 

EXCSAN<2ABLE K IN SOUS 

K UPTAKE BT SOOTS 

K-Yolo. 

ntje, 

1.36 

1.32 

K-Aiken. 

1.36 

0.88 

K-YoIo. 

2.27 

2.23 

K-Aiken.! 

2.27 

1.78 


POTASSIUM UPTAKE PROM K-YOLO SILT LOAM AND K-AIKBN CLAY SUSPENSIONS 

Samples of Yolo silt loam and Aiken clay soils were converted into K-soiLs by 
the acetate method. One hundred grams of K-Yolo silt loam contained 24.6 
m.e. of exchangeable K. The corresponding value of the K-Aiken clay was 19.4. 
Suspensions of Yolo soils and of Aiken soils were prepared containing 0.75 and 
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1.25 in.e. of K in 3 Kters. To each jar was added 55 gm. of fresh barley roots. 
The systems wwe th«a treated as described in the preceding sections. 

The magnitudes of the K-uptake from these soil suspaisions are given in table 
1. From the K-Yolo soil the roots took up nearly all of the exchangeable K 
present. Potassium hdd on Aiken clay is definitely less available than K ad¬ 
sorbed on Yolo silt loam. These data assume special significance whrai it is re¬ 
called that the Yolo soils are rich in montmorillonitic day minerals (6), whereas 
the Aiken soils possess a preponderance of kaolinitic minerals. In other words, 
the bdiavior of these two soils fully corroborates the observations made with 
bentonitic (montmorillonitic) and kaolinitic days. 

inadbqttact of ohb COj theory 

As has been indicated, all the days studied become acid imder the influence of 
the living plant roots. A substantial amount of the K removed from the clay is 
replaced by hydrogen ions. This is in harmony with the prevailing COj theory 
of plant nutrition in soils (7, 8), according to which carbonic acid excreted by 
roots is responsible for the rdease of adsorbed potassium. In order to account 
for the differences in K-uptake from the two elajrs investigated, it is only neces¬ 
sary to assume that carbonic acid rdeases more K from bentonite than from 
kaolinite. This assumption was tested by subjectirg the Zn-clays and K-clays 
to equilibrium excharge studies with hydrogen ions derived from water, carbonic 
acid, and hydrochloric add. 

Amounts of Zn-bentonite and Zn-kaolinite corre^ondiig to 0.60 m.e. of Zn++ 
were suspended in 100 cc. of solution containing 0.60 m.e. hydrochbrie add. 
After 48 hours, when equilibrium had been reached, the suspensions were centri¬ 
fuged in a McBain spinning top centiifige. The zinc content of the clear 
supernatant liquid was determined by the polarographic method. Hydro¬ 
chloric add freed 46.0 per cent of Zn++ from Zn-bentonite and 70.1 per cent Zn++ 
from kaolinite. It is to be noted that in contrast to the availability curves 
(fig. 1) the behavior of the two types of day is reversed; hydrogen ions replace 
more zinc from kaolinite than from bentonite. These chemical equilibrium data 
are in harmony witii the addic properties of the two clay minerals. As judged 
by titration curves of H-clays with bases, kadinite is a weaker addoid than ben¬ 
tonite. Consequently, base-saturated kaolinite has a higher affinity for H'*' than 
has base-saturated bentonite. 

The replacement studies involviig hydrochloric add w^ extended to K- 
days. At Ifi^ concentration of HCl, 71.1 per cent of the K was rdeased from 
K-b^tonite and 83.5 per cent from K-kaolinite. Clearly, potasdum and zinc 
behave in a similar manner as r^ards thdr rdative d^rees of liberation from the 
two days. 

In order to approach actual soil conditions more dosdy, the rdease of zinc 
and potassium was also determined in su^ensions containing various amoimts of 
coBihonac add. Distilled water in equilibrium with the COr-pressure of the atmos- 

* S denotes the amount of electrolyte added in terms of the saturation capacity of the 
suspension. 
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phere has a low concentration of CO 2 (0.00054 gm. per liter, at 18°C). The re¬ 
lease of K is brought about mainly by hydrogen ions of water (hydrolysis). 
Water saturated with COa has a pH of about 4.0 and contains 1.79 gm. of CO 2 
in 1 liter at IS^C. 

According to the data presented in table 2 the results obtained with the car¬ 
bonic acid systems are in full accord with those of the HCl systems. In every 
case the hydrogen ions replace more bases from kaolinite than from bentonite. 

Comparison of the behavior of the adsorbed ions in equilibrium ^change, on 
the one hand, and in the accumulation process by plant roots, on the other, casts 
doubt on the validity of the COa theory in e^laining the mineral nutrition of 
plants in the two day systems. Let us express the reaction between COa and 
K-clay in the following manner: 


Clay 


K + HjCO, 


Clay 


H + KHCO, 


TABLE 2 


Release of exchangeable hoses hy carbonic add and hydrocKlorie add 


SYSTEM 

CONCENTSATIOM O? 
CATION FES UTEX 

iPExgASTe OF TcyrH'A-w<yRA‘Rrg iftASies 

Hydrolysis 

Saturated COs 

15 HCl 



fer cent 

percent 

percent 

Zn-bentonite. 

8.8 

.... 

5.9 

45.0 

Zn<kaolinite. 

8.8 

.... 

10.7 

70.1 

K-bentonite. 

0.67 


40.1 

71.1 

K-kaolinite. 

0.67 

.... 

64.6 

83.5 

K-YolosoH.. 

0.25 

15,3 

76.0 


K-Aiken soil. 

0.25 

27.6 

84.0 

.... 


In appl 3 dng this equation to the problem of cation uptake by roots, we must 
consider the amounts of KHCOt in solution, which, according to the soil solution 
theories, are the only immediate source of K for utilizatian by the plant. We 
know definitely that carbonic add replaces more K from kaolinite than from ben¬ 
tonite, and indeed, the kaolinite sol is always found to be richer in dissolved po¬ 
tassium than the bentonite sol. Hence, the COa theory in its present form would 
predict that roots should favor accumulations of K from kaolinite suspensions. 
This is not in harmony with the observed facts. Probably some sort of contact 
effect comes into play that requires modification or even abandonment of the 
current, ample COa theory. 

LIMITED SIONmCANCE OP PREE ELBCTBOLYTES 

Many soils, especially those of tuid r^ons may contain, at times, appreciable 
amounts of nitrates dissolved in the soil solution. The nitrate anions are accom¬ 
panied by dissolved cations. It is conceivable that these free dectrolytes may 
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overshadow the direct influence of the nature of the colloidal particles on the 
mineral uptake by plant roots. Interestixt^y enough, e^eriments show that 
this need not necessarily be the case. 

The aforementioned experiments with K-Yolo soil and K-Aiken soil were also 
conducted in the presence of NaNO*. To the systems described in table 1 were 
added O.LS and IS concentrations of NaNO*. In terms of amounts of oven-dry 
Yolo soil these additions correspond to 344 and 3,440 p.p.m. of N. At fidd 
capacity Yolo silt loam contains about 26 per cent water; therefore, the calcu¬ 
lated nitrate concentration of the soil solution is at least 13,200 p.p.m. N for the 
soil receivii^ IS NaNOs. Under the conditions of the experiment soil and ni¬ 
trate were diluted to a volume of 3 liters. The actual nitrate concentration (IS) 
was therefore 5.8 p.p.m. of nitrogen. This dilution favors the release of adsorbed 
K by NaNOj, by hydrolysis, and by carbonic acid. 

According to table 3, the combined effect of hydrolysis and base exchange in¬ 
volving Na has replaced from 40 to 50 per cent of the exchangeable K, which in 
every case is greater for the Aiken than for the Yolo soil. Nevertheless, the roots 


TABLE 3 

Uptake of K by excised barley roots in presence of NaNOt 
(All values relate to 100 gm. of fresh roots in 5.45 liters of suspension) 


son. 

•CTnr a wn-g a-ht.w; 

Kin SOILS 

NaNOs 

ADDED 

K IN SOLimON 
(SDXSSNATANT UQDZD) 

Kuptaxe 

BY SOOTS 


m.e. 

m.e. 

m.e. 

fereeiU 

m.a. 

K-Yolo. 

1.36 

0.136 

0.53 

39.0 

1.12 

K-Aiken. 

1.36 

0.136 

0.67 

49.3 

0.90 

K-Yolo. 

2.27 

2.27 

0.91 

40.1 

2.19 

K-Aiken. 

2.27 

2.27 

1.04 

45.8 

1.73 


accumulate substantially more K from Yolo silt loam than from Aiken clay. In 
other words, the presence of NaNOs and the subsequent release of K have been 
unable to overcome the specific action of the clay particles on the uptake of K. 

■ SUMMABT 

Zinc and potastium ions adsorbed on day particles are readily utilized by ex- 
dsed barley roots. Under comparable experimental conditions, the roots tend 
to remove more cations from bentonite sols than from kaolinite sols. This is 
especially tine for low concentrations of cations. At hi^er concentrations no 
difference was found. 

The same behavior was observed with suspensions of Yolo silt loam and Aiken 
day. The former contains montmoiillonitic day, the latter, kaolinitic day. 

These findings cannot be explained by the current COs theory and soil solution 
concepts, for hydrolysis, carbonic add, and NaNOs bring about a greater rdease 
of cations from kaolinite than from bentonite. Some additional factor, not yet 
fully evaluated, but associated with the nature of the colloidal clay, comes into 
play. 
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SOIL DEVELOPMENT AND PLANT NUTRITION: H. MINERAL- 
OGICAL AND CHEMICAL COIMPOSITION OF SAND AND SILT 
SEPARATES IN RELATION TO THE GROWTH AND CHEMICAL 
COMPOSITION OF SOYBEANS* 

ELLIS E. GRAHAM* 

Misiouri AgrieuUurdl Experiment StaHon 
Bedei-rad for publication NoTcmbec 4,1042 

The sand and silt separates of the soil have not commonly been accorded im¬ 
portance in determining the immediate growth and composition of plants. A 
recent study (6), which used electrodialyzed acid clay mixed with sands and silts 
as a growth medium, demonstrated that this clay fraction served to decompose 
the mineral soil particles of coarser texture (much as minerals are weathered 
naturally) for the nourishment of plants. This suggested the chemical action of 
a standardized hydrogen clay admixed with sands and silts and the later plant 
growth on such a substrate as a test of plant nutrient delivery from these sup¬ 
posedly less active soil separates as related to their mineralogical and chemical 
compositions. The results of such tests of silts and sands^ separated from soils 
of different degrees of development in different parts of the United States are 
reported herewith. 


PLAN AND PROCEDURE 

The method of preparing the sandn^t-clay substrates for growhag soybean 
plants was the same as that previously used (6). After the plants had grown for 
6 weeks they were removed, dried in the oven, and weighed, and a sample was 
digested with HNOa and HCIO4. The digestate was analyzed for calcium, mag¬ 
nesium, potassium, and phosphorus. Nitrogen determinations were made by the 
standard Kjeldahl procedure. 

The sands and the silts were analyzed both mineralogically and chemically. 
A chemical determination was made of the quartz residue and of the total cal¬ 
cium as follows: A 0.5-gm. sample was treated in a platinum evaporating di^ 
with 10 ml- of 25-30 per cent HaSiF® in a constant temperature chamber at 25°C. 
for 24 hours. Water was then added, the quartz residue filtered off, dried at 
110 ®C., and weighed. The evaporated filtrate was treated with HNO 3 , taken up 
with water, and its calcium content determined. 

The mineralogical analyses were made by means of the heavy liquid technique. 
Tetrabromethane with a specific gravity of 2.90 was used alone, and a specific 
mixture of it with nitrobenzene to provide a liquid with a specific gravity of 2.68. 
A 1-gm. sample of the sand-silt minerals was first put on the surface of the latter 
liquid in a tube and centrifuged to throw down the fractions of greater density. 

^ Contributioii from the department of soHs, IV^souzi Agricultural Experiment StaHon 
Journal Series No. 868. 

* Instructor in soils, on leave now serving as Lt. (j.g.) U- S. Navy. 

* The range in dimensions as effective diameters was 1 to 0.005 nun. 
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After this separation the fractions of lesser and greater densities than 2.68 were 
washed in alcohol, dried, and we^ed. The heavier fraction was carried through 
a similar procedure using the liquid with a specific gravity of 2.90. Those min- 
erids with specific gravities falling between 2.68 and 2.90 were considered the 
“heavy feldspars,” and those beyond 2.90, the “heavy minerals.” 

Quartz grains with inclnsinna of heavy minerals came down with the heavy 
feldspars in many samples. In such cases correction was made by detennining 
the percentage of quartz. Since all the heavy feldspars have refractive indexes 
greater than 1.550 and quartz om^a is 1.554, the percentage of quartz fal l i ng 
with the heavy feldspar group was determined by placing the sample in an im¬ 
mersion oil with an index of 1.550 and AYamining it under the petrographic micro¬ 
scope. 

The difference in chemical composition of the soybean plants and of the seeds 
planted indicated the nutrient elements contributed by the sands and silts 
through interaction with add day, which of itself contributes little of nutrients 
(1). It was thus possible to measure the relative values of these fractions in 
soils in the different geographic locations represented. 

EXPEEIUENTAL BESTTLTS 

Chemical compoaHion qf soybean jilants 

Nitrogen fixation. By comparison of the amount of nitrogen in the seed 
planted (315 mgm.) with that in the harvested crops, as given in table 1, it is 
evident that on the sands and silts from North Dakota, Iowa subsoil, Iowa sur¬ 
face, and Utah, each mixed with acid clay, the plants fixed nitrogen. On the 
coarse separates from Missouri, Missisdppi, Kansas, and southern Illinois, or on 
quartz sand and silt interacting with the add clay, the plants failed to 
fix nitrog^. 

These results si^est that the plants were not obtaining thdr mineral requisites 
for a growth that represented nitrogen fixation in this latter group of more south¬ 
ern and east^n states with higher rainfall and higher temperatures. In the 
former group of states with less severe forces for soil development, the plants 
obtaihed thdr needed mineral supply for growth and nitrogen fixation. 

Cidcium and magnesium. More calcium was found in the plants than was 
ori^ally present in the seeds in all cultures that grew wdl enou^ to be har¬ 
vested. This points dearly to the movement of caldum from the sand and dlt 
minerals to the plants by way of the acid clay, which d its own breakdown de¬ 
livered no caldum (1). Accordingly, the sands and silts from Missouri, Miss¬ 
issippi, and southern lUinois soils were failing to deliver caldum to make growth 
possible. 

All the cultures that grew well enough to be harvested, except those udng 
sand and dlt from the Iowa surface soil, contained more magnedum than was in 
the planted seeds. Magnedum then, too, was moving from the sands and silts to 
the plants by means of the add clay in suffident quantities and rates to support 
growth for the period represented. 
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Potaasivm and phosphorus. Only the sands and silts from North Dakota pro¬ 
duced plants that contained potassium significantly in excess of that originally in 
the seed. For those from Iowa subsoil and from Utah, the crop content of po¬ 
tassium was about the seed equivalent. In the other cases the crops contained 
less potassium than the seeds offered, suggesting the movement of potassium from 
the plant to the hydrogen clay (3, 7). 

Only the cultures on sands and ^ts frmn Utah suggest removal of phosphorus 
from the substrate; those from Iowa surest neither loss nor gain in phosphorus; 
and the other cultures analyzed surest losses of this nutrient. 


TABLE 1 

Crop loeights and chemical composition oj soybeans as influenced by different sand and silt 

separates in acid clay 


SODSCE OF SAND AND SILT SEPABAIES* 

TOTAL 

CROP 

IFEIGHT 

(50 

plants) 

COlfPOSmON OF PLANTSt 

Nitrogen 

(^cium 


Potassium 

Phosjl^ras 

North Dakota (Barnes). 

Iowa subsoil (Clarion). 

Iowa surface (Clarion). 

Missouri (Putnam). 


per 

cent 

3.19 

2.10 

2.49 

mgm. 

318 

514 

408 


1 

per 

cent 

.19 

.63 

.05 

mgm. 

19 

154 

8.5 

1 

mgm. 

102 

83 

41 

1 

mgm. 

29 

32 

10 

Mississippi (Lufkin). 

t 











Utah (Hyrum). 

18.37 

2.52 

463 

0.94 

ITS 

.19 

35 

SB 

81 

.19 

35 

Kansas (Hays). 

6.61 

3.64 

244 

0.41 

28 

.23 

15.5 

1.06 

71 

.31 

21 

Southern Illinois (Cisne). 

t 











Quartz. 

t 

Hi 






HI 

. *.! 

.... 

!!!* 


* With each location is given the name of the soil series used. In most cases the type 
was a silt loam. 

t Fifty soybean seeds contained 315 mgm. nitrogen; 8.1 mgm. calcium; 10.8 mgm. mag¬ 
nesium; 80 mgm. potassium; and 32.0 mgm. phosphorus. 

t The plants on the separates from Miraouri, Mississippi, southern Illinois and on the 
quartz sand grew so poorly that they could not be harvested. 

Chemical compostHon of silt separdes 

The quartz and calcium contents of the ^ts were next determined. The data 
are assembled in table 2. 

The iosoluble quartz varies widely, from a maximum of 87.8 per cent in the 
silt from Misassippi, the southernmost sample, to a mmimum of 43.3 per cent in 
that from the Iowa subsoil. The calcium contents of the mlts vary less in ab¬ 
solute values than the quartz, but more rdativdy. The silt from Mississippi, 
which was highest in quartz, vras Hie lowest in cahuum; and the Iowa subsoil, 
which was lowest in quartz, was the highest in caldum. It does not follow from 
the remainder of the cases, however, that there is an inverse rdation between 
the calcium and the quartz contents of the alts. 

Since these salts vrecQ not analyzed for magnedum, potasdum, and phos¬ 
phorus, the more complete deliv^ of all these nutrients to the plants &om the 
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silts can not be related to the chemical composition of the mineral. Plant com- 
podtion su^ests, however, that the silts from the Iowa subsoil and from Utah 
were allowing the calcium, magnesium, potassium, and phosphorus to be pro¬ 
vided for the plants; or certmnly they were saturating the clay well enou^ with 


TABLE 2 

Quartz residues and calcium contents of the silt separates 


SOUKCE OF SILT SEPARATE* 

DTSOLUBIE QUAXTZ 

CALCIUM 

North Dakota (Barnes). 

per cent 

70.2 


Iowa subsoil (Clarion). 

43.3 

1.10 

Iowa surface (Clarion). 

66.6 

0.70 

Missouri (Putnam). 

73.0 

0.50 

Mississippi (Lufkin). 

87.8 

0.25 

Utah (Hyrum). 

75.0 

0.48 

Kansas (Hays). 

68.8 

0.64 

Southern Illinois (Cisne). 

73.2 

0.40 

Quartz. 

98.0 

0.00 



* With each location is given the name of the soil series used. 


TABLE 3 

Mineral composition of the sand and silt separates 


SOI7XCE OF SAND AND SILT SSFANATES 

UGBT 
FELDSPARS* 
SF. OR. <2.68 

QUARTZ 

RESIDUE 

HEAVE ZBLDSPARSt 

SP. OR. >2.68 

HEAVY MINSIALSt 

SP. OR. >2.90 

Silt§ 

snt§ 

snt 

Sand 

Silt 

Sand 


percent 

per cent 

percent 

per cent 


per cent 

North Dakota (Barnes). 

27,0 

70.2 

1.5 

0.3 


1.5 

Iowa subsoil (Clarion). 

29.0 

43.3 

13.0 

5.0 


1.7 

Iowa surface (Clarion). 

29.0 

66.6 

1.4 

2.4 


1.8 

Missouri (Putnam). 

26.4 

73.0 

0.2 

0.2 


1.6 

Mississippi (Lufkin). 

11.7 

87.8 

0.1 

0.0 

0.4 

0.8 

Utah (Hyrum). 

21.6 

75.0 

2.9 

0.6 

0.4 

1.2 

Kansaa (Hays). 

29.6 

68.8 

0.5 

0.6 

1.1 ; 

2.9 

Southern Illinois (Cisne).... 

24.7 

73.2 

0.4 

0.1 

1,7 

0.7 


* May contain microcline, orthoclase, albite, oligoclase, and andesine. 
t May contain labtadorite, bytownite, or anorthite. 

I Zircon, hornblende, garnet, tourmaline, kaynite, pyroxenes, Fe-minerals, magnetite, 
etc. 

S Percentages of li{^t feldspars and of quartz residue in sand separates not determined. 

some, if not many, of tibe nutrient dements measured, so that these were not 
moving in reverse, or going from the plants to the hydrogen day. 

Only a more detailed study will permit the dxemical balance to more accurate 
d^rees, but it is interesting to note that these two cultures with the highest move¬ 
ments of caldum into the crops, and with the absence of deficiencies in mag¬ 
nesium, potassium, and phosphorus, according to plant compodtion (table 1), 
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represent in the one case a dlt h^ in calcium (1.10 per cent) in the Iowa subsoil, 
and in the other case a silt relatively low in calcium (0.48 per cent) in the Utah 
soil. All of these facts emphaaze the importance of having no limiting supplies 
of nutrients if plant growth is to be ragnificant. 

Minerdlogiad properties of sand and sSi separates 

Since quartz is an increasing part of the soil as it weathers under some condi¬ 
tions, and since heavy minerals also accumulate as a part of the residue in the 
natural weathering processes, the mineralogical properties of the silts were tabu¬ 
lated as a result of petrographic microscopic examinations, coupled with the 
results of the chemical and phytical studies. Table 3 gives the mineral com¬ 
positions of the various separates. 


DISCUSSION 

Nvirienis contributed by sand and s3i separates 

The fact that calcium increased over that in the seed in all the cultures making 
significant powth shows that the sands and silts were contributing this nutrimit, 
either through direct root contact with the minerals or through root contact with 
the acid day, the hydrogen ion of which was exchai^ing with the cation caldum 
of the minerals and decomposing them in a manner simulating what is commonly 
considered the weathering process (5). These interpretations are in accord witih 
the work of Albredit and Jenny (2), showing that plants damped-off unless suffi¬ 
cient calcium was available. On the sands and silts that failed to produce har- 
vestable crops in these trials, ^rmptoms of damping-off were common. These 
observations suggest that the content of caldum-bearii^ minerals was too low to 
respond rapidly enough to the action of either the plant roots or the add clay 
to provide calcium for healthy powtii of the soybeans. 

Like calcium, to which it is chemically similar in many respects, magnedum is 
mobilized out of the minerals from the same soils, with the exception of the Iowa 
surface soil, by the acid clay for plant nourishment. The acid day apparently is 
what mi^t be termed a “weathering agen<gr” with respect to the breakdown of 
the magnesium-bearing minerals, including the ferro-magnedum minerals (4). 

Thou^ potasdum was present in large amounts in the minerals of the sands 
and silts used in these tests, this nutrient was not so fredy moved into the plants 
as were caldum and magnedum. As has been previoudy su^ested (4), po¬ 
tasdum seems to be mobilized out of its minerals with rdative downess by the 
add day. 

The phosphorus mobilization was also rdativdy insignificant as indicated by 
plant growth and compodtion. This may have resulted dtiier because there 
were too few pho^horus-beariig minerals, or because the hydrogen day was not 
sufficiently active in decomposing them to provide effective phosphorus. The 
former seems the more plausible, since rodr phosphate, an insoluble foim, has 
pven soluble phosphorus when treated with hydrogen day.* 

* Unpublished data by E. B. Graham et al. 
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That nitrogen fixation occurred, is evidence of fairly general provision of all 
the requisite nutrients. When the soybean crop on the silts and sands of the 
Iowa subsoil fixes enough nitrogen to represent an increase of 63 per cent over 
that provided by seed and substrate, one scarcely expects nutrient deficiencies in 
the soil growing the crop. WTien the acid clay alone is scarcely a better gro\ivitig 
medium than quartz, there is strong indication of the cationic movement from 
the mineral silts and sands to the plants because of the acid clay action on these 
mineral separates. That the plants failed to fix nitrogen in certain sands and 
silts indicates that these separates were deficient in some nutrients, including 
possibly calcium and magnesium as well as those elements that failed to increase 
in the tissues as the plants developed. 

Quartz content of soil minerals in relation to plant growth 

Casual examination of the mineralogical and chemical analyses of the sands 
and silts as related to plant composition might lead one to believe that poor 
plant growth is correlated with a high quartz content of soil minerals. This con¬ 
clusion might be drawn from the fact that the Iowa subsoil with best plant growth 
had the minim um quartz content, whereas the Mississippi soil with poorest crops 
had the maximum quartz content. Other data, however, show this conclusion 
unsound. The Utah minerals with 75 per cent quartz, a figure not far below that 
for Mississippi, were highly effective in providing plant nourishment. Those 
from Missouri and southern Illinois contained less quartz but failed to grow the 
plants, suggesting that, even with a significant store of minerals other than 
quartz, these were not providing the necessary nutrients through the action of 
the acid clay. 

Heavy feildspars as a fertility index 

The heavy feldspar content of the sands and silts (table 3) appears to be related 
to the crop growth and to the total amount of calcium removed by the plants 
(table 1) in these trials. Further studies are needed to determine whether this 
correlation is as highly reliable as these limited data indicate. 

Calcium feldspars as an index of soil development 

In contact with hydrogen clay, the calcium feldspars break down much more 
rapidly than the potassium feldspars (4). Consequently, if a soil contains no 
highly calcareous feldspars, it has apparently developed far enough in the 
weathermg process, which is considered similar to that of the action of the acid 
clay, that the soil minerals will release nutrients slowly to plants and potassium 
may be the main nutrient left to be released. The low percentage of the calcium 
feldspars may be an index of the high degree of development of the soils in the 
humid region and may be associated with the lime need of these soils for produc¬ 
tion of the calcophilous legumes. 

Mineral cordmta of sand and silt separates in soil classification 

Soil classifications involving the criterion of productivity seem more feasible if 
attention is given to the mineralogical contents of the soils. If the quartz 
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residue, the light feldspar fraction (containing microcline, orthoclase, and the 
plagioclase series from albite to oligoclare), the heavy feldspar fraction (contain¬ 
ing andesine and anorthite) in the plagioclase series, and the ferro-magnedum 
minerals of the heavy mineral fraction were included, conmderable value in terms 
of productivity could be assessed, particularly of the heavy feldspar fraction for 
its calcium and of the amphiboles and p3n-oxenes for their magnesium. Relation¬ 
ships of cation fertility to mineral composition are si^ested in table 4. 

TABLE 4 


Minerdlogieal dasHficalion of soils according to ferHlity levds, for humid regions 


lOMEXAL COMFOSmOK 

CATION eekhlut level 

More than 8 per cent heavy feldspars 

Less than 75 per cent quartz 

Amphiboles 

Pyroxenes 

Very high 

2-8 per cent heavy feldspars 

Less than 75 per cent quartz 

Amphiboles 

Pyroxenes 

High 

0.5-2 per cent heavy feldspars 

Less than 75 per cent quartz 

Amphiboles 

Pyroxenes 

Above medium 

1 

Less than 0.5 per cent feldspars 

Less than 75 per cent quartz 

Amphiboles 

Pyroxenes 

Medium 

Less than 0.5 per cent heavy feldspars 

Less than 75 per cent quartz 

Below medium 

Less than 0.5 per cent heavy feldspars 

75-85 per cent quartz 

Poor 

Less than 0.5 per cent heavy feldspars 

More than 85 per cent quartz 

Very poor 


That value ediould be assigned to the minerals of the sands and silts in terms of 
thar plant nutrient contents was suggested by Stienriede (10) in the following 
grouping according to different specific gravities: 

Group I (specific gravi^ 2.21-2.56} conttuoa mainly potaanum feldspars. 

Group II (specific gravity 2.62-2.72) contains plagioclase and quartz. 

Group ni (specific gravity greater than 2.72) contiuns mica, amphiboles, augite, iron 
minerals, and others. 
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Pdisek (9) suggested a similar grouping with different ranges in specific 
gravities, as follows: 


Group I (specific gravity less than 2.60) contains potassium feldspar. 

Group II (specific gravity 2.60 to 2.66) contains quartz and sodium plagioclase. 
Group III (specific gravity 2.66 to 2.80) contains sodium and calcium plagioclase, 
andesine to anorthite. 

Group lY (specific gravity greater than 2.80) contains mica, magnetite, epidote, amphi- 
bole, augite, and others. 


In consequence of many investigations of his own as well as those of Pelisek, 
Novak (8) su^ested the following scheme of soil classification, based on the 
mineralogical composition of the sand separates (2 to 0.02 mm.): 


Per cent weatherable 
materials* 

0-10 

10-20 

20-80 

30-40 

More than 40 


Mineral stren^ as 
productivity 

Very poor 
Weak 
Medium 
Strong 
Very strong 


* Contains the sum of feldspars and the heavy minerals with specific gravities greater 
than 2.88. 

Such a classification probably puts excessive emphasis on the potassium feld¬ 
spars and insufficient on the calcium feldspars, and attributes undue importance 
to all the members in the heavy fraction, many of which cannot contribute to the 
cation fertility of the soil. Nevertheless, in view of the services of acid colloidal 
clay in making nutrients from the sands and silts available to plants, there is the 
suggestion that soil classification may well give attention to the mineral contents 
of the silts and sands. 


SUMMABT AND CONCLUSIONS 

A study was made in which the chemical composition of soybean plants grown 
on substrates containing sands and silts from various locations and subjected to 
reaction with electrodialyzed acid clay was related to the mineralogical and 
chemical analyses of these soil separates. A summation of the results and of the 
conclusion drawn follows: 

No growth of the soybean plants could be obtained unless some calcium was released from 
the sands and silts treated with hydrogen clay. 

Acid clay action on silt and sand samples from certain locations made calcium, mag¬ 
nesium, and potassium available; samples from other locations provided only calcium and 
magnesium; other samples supplied only calcium; and still others gave no measurable 
amounts of any plant nutrients. 

There were indications that phosphorus-bearing minerals are rarely found in sands and 
edits, as measured by the clay-mineral interactions used. 

These coarser soil separates may vary widely in calcium and quartz contents. 

Heavy feldspars were present in significant amounts in the samples from Iowa, Utah, 
North Dakota, and Kansas, and were almost absent from samples from Missouri, southern 
Illinois, and Mississippi. 
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Soil classification based on the mineralogical composition of sands and silts is suggested 
as of help in considering soil productivity and soil needs for calcium, magnesium, and 
potassium treatments. 
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RELATION OP WIND EaROSION TO THE WATER-STABLE AND DRY 
CLOD STRUCTURE OF SOIL^ 


W. S. CHEPIL* 

Canada Department of Agricidtvire 
Beeeived for publication December 7 ,1942 

In previous papers (4,6) data were presented to show the relationship between 
wind erosiveness of soils and their dry clod structure. The experimental results 
indicated that the highly erosive soil grains vary in size approximately between 
0.06 and 0.5 mm. in diameter, whereas the difficultly erosive fractions vary be¬ 
tween 0.02 and 0.05 mm. and 0.5 and 1 mm. in diameter. Sizes above 1 mm. 
and below 0.02 mm. were found to be nonerosive or some of them erosive only 
at an unusually high velocity of the natural wind. On the basis of wind tunnel 
experiments, mathematical equations were formulated by which the approximate 
erosiveness of any freddy cultivated and uniformly mixed soil could be calculated 
from the dry clod structure. The author was in doubt as to whether these 
equations would apply to soils that have formed a surface crust following a rain. 

The purpose of the investigation outlined in this paper was to find, first, the 
relation between water-stable and dry clod structxire of soil and, secondly, whe¬ 
ther the dry clod structure, as determined by the dry-sieving method, can be 
used as an index of wind erosiveness of less recently cultivated soils as well as 
of freshly cultivated soils. 

Kraminsky (12) showed that a soil pulverized by harrowmg became more 
cloddy after wetting and drying in the field than one which was not originally 
pulverized. Cole (7) found that irrigation increased the cloddiness of a highly 
pulverized soil to a degree in excess of that which was not ioitially pulverized. 
This suggests that the fine particles resulting from the pulverizing action of 
tillage machinery tend to cement the soil after it has been wetted and dried, the 
cementation evidently being due to the breakdown of the soil aggregates to 
smaller particles. 

Davydov (8) attributes the stabifity of the water-stable aggregates to the 
organomineral gels hi^ in organic content. When the organic content is low 
the aggregates formed are unstable, and as a result crust formation takes place. 
Kaspirov (11) further concludes that the main factor in crust formation is the 
presence in soils of fine particles less than 0.01 mm. in diameter. He asserts that 
soil crusts are formed on structureless, fine-grained soils regardless of the quantity 
and quality of humus or of salts in soil solution. 

Hopkins (10) points out that soils high in organic matter and lime have been 
severely affected by wind erosion in Canada and suggests that both these factors 

^ Contribution from the Experimented Farms Service, Dominion Department of Agri¬ 
culture, Ottawa, Canada. 

^ Agricultural Scientist, Soil Research Laboratory, Dominion Experimental Station, 
Swift Current, Sask. The author wishes to express his appreciation to J. L. Doughty for 
suggestions and criticisms and to R. A. Milne for assistance in routine laboratory analyses. 
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may be responsible for the development of a fine soil structure which offers little 
resistance to the force of wind. Caldwell and Ellis (2) found a high correlation 
between the combined action of clay and alkali-soluble humus and the size of 
the water-stable aggregates and conclude that humus and clay are responsible 
for increasing the resistance of some soils to wind erosion. On the other hand, 
Hardt (9) concludes from his investigations on muck soils in Bavaria that neither 
the size of the water-stable grains nor the nature and amount of humus has any 
appreciable effect on wind erosiveness of soils, but that a very marked effect is 
produced by the lime content, particularly by that in the clay fraction. He 
found the lime content of a clay fraction of wind-blown soils to be 20 to 50 per 
cent hi^er thfl.Ti that of soils resistant to wind erosion. 

In considering the causes of soil erosiveness it is essential to distinguish between 
the structural soil characteristics influencing wind erosion and the physical and 
fih fiTni oAl factors that affect these characteristics. Factors such as soilteicture, 
lime content, and the amount and nature of the organic matter influence the 
structure of the soil, but their exact effect on erosiveness can be measured only 
after the relationship between soil structure and erosiveness has been determined. 
In this paper data are presented which show in part the relationship between the 
water-stable and dry clod structure and wind erosiveness of soils. 

MATEEIA-LS AND METHODS 

Composite samples of cultivated soil taken to about 4 inches m depth, were 
obtained from 30 major soil types from Manitoba, Saskatchewan, and Alberta. 
In addition, three composite samples of soil were obtained from freshly accumu¬ 
lated wind drifts found next to or within eroded fields. These three samples 
represented that portion of the soil which had been moved about by the wind 
and deposited in moxmds next to various obstructions. They were almost en¬ 
tirely composed of individual water-stable aggregates and sand grains which in 
a dry state did not cohere and which, apart from containing some dust particles 
smaller than the upper limit of silt, had all the physical characteristics of dry 
dune sand. 

To determine their relative erosiveness samples of cultivated soil vrere exposed 
in August, 1940, to identical conditions in trays in the field, and their relative 
erosiveness was measured at 6-month intervals by exposure to a uniform air 
stream in the laboratory wind tunnel described previously (3). The trays, each 
6 feet long, 6 inches wide, and 2 inches hi^, were made of wood, except the bot¬ 
toms, which were composed of a 60-medi screen to allow passage for percolating 
rain water. Each tray, containing about 20 pounds of soil, was exposed to the 
weather on level grassland and was covered with coarse screening to prevent any 
possible erosion by wind. Each spring and fall the soils were conveyed into the 
laboratory in an rmdistrubed condition in the trays and tested for erosiveness. 

The test of erosiveness consisted of three particular types of exposure in a wind 
tunnel. First, the soil was subjected to a 17-m.p.h. wind for 3 minutes, then to 
a 22-m.p.h. wind for an additional 3 minutes, wind velocity being measured at a 
12-inch hei^t. Secondly, the soil was exposed to an abrasive stream of fine 
dune sand falling through a glass tube from above the tunnel chamber and flowing 
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fdoDg the surface of the ground at the rate of 333 gm. per minute. The duration 
of the exposure was likewise 3 minutes under a 17-m.p.h. wind and 3 minutes 
more under a 22-m.p.h. wind. The sand was so hi^y erosive that virtually 
none of it remained on the surface of the soil, but the exposed soils eroded to a 
variable degree, depending on their relative susceptibility to abrasion. Onsome 
very cloddy and difficultly abraded soils the wei^t of sand trapped among the 
irregularities of the surface was greater than that of the soil removed, thus caus¬ 
ing a gain in the wei^t of the exposed soil. The gains in the wd^t are desig¬ 
nated by minus signs in the tables presented. Thirdly, the soil was placed in 
a small barrel fitted with a tight lid and mounted on a horizontal diaft. The 
barrel was rotated slowly end over end three times and the soil was placed back 
in the tray and again exposed to the wind as in the first two tests. The quantity 
of soil removed under the three tests constituted a measure of erosiveness that is 
believed to give an approxunate measure of erosiveness of the soil under the 
vajying conditions in the field. Hie experimental data reported herewith indi¬ 
cate the amounts eroded under eadi of the three sets of conditions. 

To determine the effect of the water-stable a^cegate structure on the dry 
dod structure and erodveness, samples of the soil obtained from fresh^ accumu¬ 
lated wind drifts were sieved into fractions of three sizes— < 0.42 mm., 0.42 to 
0.83 mm., and 0.83 to 2.0 mm .—, and a small portion of the finest fraction was 
pulverized gently. The two coarsest fractions and a required amount of the 
pulverized fraction were added to and mixed with different amounts of the frac¬ 
tion pasting throu^ the 0.42-mm. tieve. It was found that neither the texture 
nor tile organic matter content varied to any appreciable extent in the different 
soil fractions used. Pulveiiting changed the texture sli^t]tr> but the amounts 
of the pulverized fiaction added to the mixture did not in any case exceed 3 per 
emit of the total wei^t of the soil. The mixtures, each of wMch wtighed about 
20 pounds, and which were m duplicate, were wetted to about the moisture 
equivalent, thorou^y air-dried, analyzed with respect to thtir water-stable 
composition, and, if suitable, were tested for eroeiveness by the method already 
described. The samples so prepared varied only in the quantity of tiie water- 
stable aggr^tes lai^er than 0.05 mm. in diameter, but the percentage of the 
water-stable particles smaller than 0.05 mm., the moisture equivalent, and the 
oi^tnic matter remained virtually constant. Samples not conforming with 
these characteristics were discarded. 

In the experiment on the effect of dispertion of the soil to water-stable particles 
smaller than 0.05 mm., portions of freshly drifted soil were pulverized gently— 
just suffidentiy to crueih some iggregates to sizes somewhat below 0.05 mm. in 
diameter. The pulverized portions were mixed with the unpulverized portions 
in varying proportions. The addition of sli^tly pulverized fraction to the 
original sdl lowered the perematage of coarse water-stable crumbs, but such 
defidendes were made up by adding the required amounts of this fraction sep¬ 
arated from the orighal sdl by sieving. The samples as prepared varied only 
in the size of the water-stable aggregates and partides smaller than 0.42 mm. 
in diameter. 

The dry dod soil structure, or cloddiness, was determined by the dry-sdevii^ 



278 


W. S. CHBML 


method described previously (6), and the water-stable structure by the wet- 
sieving method of Bouyoucos (1), except that the air-dry soil was immersed in 
water in a partial vacuum of 20 mm. of mercury instead of in an ordinary atmos¬ 
phere. 


EXPiliaMBNTAL BBSUIflB 

BdcU^on qf water-stdbU aggregates, dry dod druetwe, and wind eromeness of soUs 

The data in table 1 show the effect of the semierosive and nonerosive water- 
stable a^egates (>0.42 mm.) on the dry clod structure and wind erosiveness 
of three widely different soils. An increase in the size and the quantity of these 
water-stable a^regates caused a marked increase in doddiness and a consequent 
decrease in erosiveness. Thus, when the quantity of the water-stable aggre^tes 
0.42 to 0.83 mm. in diameter was increased from 0, as in soil 1, to 12.1 per cent, 
as in soil 2, the amount of eroded soil decreased from 2,607 to 1,066 gm. Doub¬ 
ling the quantity of this fraction, as in soil 3, reduced the amount of eroded soil 
to 272 gm., and tripling, as in soil 4, to 65 gm. The trends in the effects of this 
fraction were the same on all of the soils tested, but the actual effect did not 
appear to be of equal mi^nitude in every case. 

The data in table 1 indicate further that the laiger the water-stable abrogates, 
the greater was the increase in doddiness and decrease in erosiveness of the soil. 
A particularly striking feature of the ejqreriment can be observed in soils 12 and 
13 where the practically entire replacement of 15.2 per cent of the 0.42- to 
0.83-mm. abrogates by only 8.6 per cent of the 0.83- to 2.0-mm. a^regates 
increased the doddiness to an appredable extent and decreased the amomit of 
erosion from 5,055 to 1,959 gm. It is evident that the 15.2 per cent of the 
smaller a^regates was much less effective in reducing the erosiveness than ap- 
proriately half that quantity of the larger aggregates. Similar comparisons can 
be made with other data shown in table 1. 

The data in table 2 show that as the quantity of the water-stable particles 
smaller than 0.05 mm. in diameter increased, there w^ a corresponding increase 
in doddiness and a consequent decrease in erosiveness. The data show that 
the initial increments of these fine particles reduced the erosiveness very ap¬ 
preciably but that subsequent increments were less and less effective. When 
the percmtage of these partides is expressed in terms of the l(^arithm of the 
amount of eroded soil the curve of erosiveness, as drown in figure 1, becomes a 
straight line, indicating that wind erodveness is a logarithmic function of the 
d^ree of dispersion of the soil m water. As the two small negative erosion vsdues 
obtained on highly nonerosive samples of clay cannot be expressed in logarithmic 
valu^, they could not be included in figure 1. The negative values were rela- 
tivdy small and on that account were believed to have little practical significance. 

It will be seen that the erodveness curves in fiigiae 1 for loam and sandy loam 
are approximatdy parallel to each other, suggesting that the relative effect of 
these fine fractions on erosiveness is relatively the same in the two soils. The 
curves for these soils indicate that erosivmess varies approximately as antileg 
(*—O.ly) where x represents the podtion at which the logarithmic curve, if pro- 
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jected, will meet the ordinate, and y the percentage of the water-stable particles 
<0.02 mm. The value of the constant 0.1 wiU vary with the method used in 
deter mi ni n g the percentage of the water-stable particles, and probably g-lan with 
the nature of the soil. The value of ® is not the same for all soils and is ap¬ 
parently dependent on the relative effect of other factors on the erosiveness of 
the soil. 

Soil 23 in table 2, which contained no water-stable fractions amalW than 0.02 
mm. in diameter, remained in a sin^e-grain structure after it was thoroughly 
wetted, dried, and stirred, but other soils that contained fractions smaller than 
0.02 mm. a^regated to some extent, the degree of aggregation varying directly 
with the quantity of these fine particles. When a tray containing this soil was 
tilted at 45 degrees from the horizontal, the soil did not flow, as it did before 
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Fio. 1. BxiATioNsair Bbtween Wind EBosivuNiiSs and Perobntaoe or Watsb-Stable 
Pabucub <0.02 uu. in Duubteb 

wetting, but remained as a rigid body, indicating that there was a slight cohesion 
between the partides. The surface of this soil contained some loose sand grains 
whidx under a wind force produced sufficient abradon to maintain a uniform rate 
of erodon, the nature and the intendty of erodon differing little from that of 
ordinary dune sand. It is evident that the water-stable fractions 0.02 to 0.05 
Tniri. in diameter were much less effective in increadng tihe cloddiness and de¬ 
creasing the erodveness than fractions smaller than 0.02 mm. in diameter. 

Rekctdon betioeen (he dry clod structure <md computed and determined eromeness 

Representative data in table 3 show the water-stable aggregate stroctaie, the 
dry dod structure, the computed erodveness and the determined erodveness of 
some major soil iypes from the provinces of Manitoba, Saskatdiewan, and 
Alberta. The soils in table 3 are arranged in order of their average erodveness 
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detennined by wind tunnel tests. On the whole, the sandy soils and some clays 
were more erosive tlmn the medium-textured soils, the former evidently on ac¬ 
count of the lads of cementii^ materials necessary to bind the individual grains 
together, and the latter because the clods could not withstand the disintegrating 
influence of the weather, thus readily breaking down to a flnely granulated, ero¬ 
sive condition. The most highly erosive fine sandy soil possessed an extremely 
low percentage of the wind-resistant water-stable abrogates greater than 0.42 
mm. in diameter and a very low percentage of the fine cementing fractions smaller 
than 0.02 mm. As may be expected, such soils possess a very iworly developed 
clod structure and are extremely susceptible to erosion by wind. 

The water-stable a^r^ate structure of many soils did not differ very greatly, 
yet the dry dod structure and erosiveness varied very markedly. It is evident 
that the water-stable a^egate structure is not the only ph^ical characteristic 
affectii^ the dry clod structure and wind erosiveness of soils but that other fac¬ 
tors not determined in this investigation are likewise respondble to a considerable 
extent. 

A comparison of the quantities of soil eroded in a wind tunnel with those com¬ 
puted from the dry dod structure according to the formula ^ven under table 3 
shows that there is a fairly good agreement between the order of the two. The 
actual differences between the computed and the determined erosiveness are due 
to the fact that the computed erosiveness designates the total quantity of soil 
removable from a freshly cultivated soil by wind ranging from 17 to 22 m.p.h. 
at 1-foot hei^t, whereas the determined erosiveness designates the amounts 
eroded during a d^boite intervsd of time under different conditions of soil and 
wind. The quantity of eroded soil does not represent the total removable 
amount but merdy indicates the relative intensity of erosion for the period of 
eiq)osure. When, however, the roughness of the soil surface is the same, the 
relative intenraty and the total quantity of erorible soil vary directly with each 
other (5), and consequently one or the other could serve as a measure of erosive¬ 
ness. The computed erosiveness was based on the general formula based on 
'Wind tuimel experiments that have been described previously (4, 6). 

On the whole, the sdls that were hi^y erosive before cultivation (condition 
1, table 3) were also hi^y erosive after (condition 3), whereas those r^atering 
low eroshreness before cultivation also registered low erosiveness after. The 
amounts of soil eroded under these two conditions and under sand abrasion 
(condition 2) varied directly with computed erosiveness. The regression of the 
amount of eroded soil on computed eroriveness was estimated by the method of 
least squares. The regression coefficient for conditions 1, 2, and 3, and for the 
total amount of «t)ded sml, was found to be 16.0,128.8,175.1, and 324.2, and 
the sdgnificance of r^resrion, usually des^nated by t, was found to be 8.33, 6.18, 
14.07, and 11.06, respectively. The regression in all these cases is far above the 
hi^ level of agnificance, wMch in this instance is 2.76. It is evident that the 
computed erodveness based on the dry dod structure of soils is a reliable index 
of the actual erosiveness of less recently cultivated soils (condition 1 and 2) as 
well as of hreshly cultivated soils (condition 3). 
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The data indicate that the water-stable a^regate structure and the dry clod 
structure did not rranain the same throu^out tib.e period of exposure to the 
weather but changed to some extent, the amount of change varying markedly 
in different soils. On the whole, the water-stable a^regate structure was sub¬ 
ject to considerably smaller variation than the dry clod structure, but it did 
change appreciably in many soils. In most soils the percentage of the non- 
erosive dods was hi^er and the percentage of erosive fractions lower at the be¬ 
riming of the eiqiosure period than at the end. The disintegration of clods 
occurring within that period was evidently due to the effects of continuous fal¬ 
lowing. The relative erosiveness of all soils varied directly with their dry clod 
structure. 

The data in table 3 indicate further that all soils were more cloddy in October, 
1941, than in the preceding or succeeding May, the computed and detemuned 
erosiveness bang proportionately lower in Octoba:. The seasons of the year 
undoubtedly have a marked influence on the dry dod structure and consequently 
on wind erosiveness of soils, but as shown by the data they have practically no 
effect on fhe water-stable structure. For this reason the water-stable structure 
might be r^arded as the only true indicator of the ph 3 ^cal nature of the sdl. 
On the other hand, it is evident that it cannot be regarded as a single criterion 
iofluendng wind erosiveness. The erosion of the soil in the Prairie Provinces 
of Canada occurs mainly during the months of April and May, but the increased 
erosion during that period can be attributed not only to the increased erodveness 
of the SOU, but likewise to the increase in the velodty of wind and other factors. 

DISCUSStON AND CONCLUSIONS 

It is evident from this investigation that wind erodveness is determined not so 
much by the size of the ultimate mechanical fractions, as by the size of the in¬ 
dividual aggr^tes or dods that enter into the compodtion of tiie soil. The 
results of ^periments showed that tire dry dod structure, as determined by 
dry-deving, can be used as an approximate index of wind erodvraiess of fredily 
cultivated and less recently cultivated soils. 

An increase in the dze or quantify of coarse water-stable aggregates (>0.42 
mm.) was foimd to increase the doddiness mid decrease the erodveness of a sdl. 
An increase in the quantity of the water-stable particles smaller than 0.05 mm., 
and particularly of '^ose smaJlm: than 0.02 mm., likewise increased the doddiness 
of the sdl and decreased its erosiveness. Since many soils of a dmilar water- 
stable structure varied widely with respect to erosrveness, it is evident that other 
factors must also play an important rde in detemuning the dod structure and 
oodveness of the soiL A change in the water-stable structure cannot be re¬ 
garded as an indication d a change in wind erodveness unless it is certain that 
othm: factors that mi^t effect erosivmiess remain the same. 

The rdativdy hi^ redstance to erodon of Bed Biver day and some other 
soils (table 3) seems to be due partially to the large size of the water-stable aggre¬ 
gates. On ^e other hand, Begina heavy day and other similar lacustrine day 
soils axe highly erodve, partly because the dze of the water-stable a^regates is 



286 


W. S. CHEFIIi 


generally too smaJl to resist the action of the wind. The hi^ state of aggrega¬ 
tion of a soil is apparently not so important as the size of the water-stable gran¬ 
ules. A^r^tion may, or may not, increase the resistance of the soil to wind 
erodon, the dedding factor being whether the granules or dods are suffidently 
large to withstand the erosive force of wind. On the other hand, the hi^ 
redstance of saline day from Val Marie, Sadratchewan, is apparently pre¬ 
dominantly due to both the lai^e size of many water-stable granules and the 
hi^ dispersion on wetting to small partides and consequent cementation into 
massive dods when tie soil is dried. The most erosive soils were found to con¬ 
tain rdatively laj^e quantities of the intermediate water-stable a^egates of the 
dze ranging approximately betwemi 0.02 and 0.5 mm., and particularly between 
0.05 and 0.25 mm. in diameter. 

The computed erodveness, as determined for the soils studied, agreed, on the 
whole, fairly dosdy with the order of erodveness as determined by wind tunnd 
tests. The formula employed in the computation takes into account only the 
dry dod soil structure, which is affected by a number of factors, the nature and 
the relative influence of most of which are not at present thoroughly understood. 

StXMUABT 

A dose rdation was found between wind erodveness and the water-stable and 
dry clod structure of different soils. The computed erodveness, based on the 
dry-deving analysis of the soil, varied approximatdy with the actual erosiveness 
determined by wind tunnd tests. It was conduded that the dry dod structure, 
as determined by diy-deving, can be used as an approximate index of wind ero¬ 
dveness of less recently cultivated soils that have formed a surface crust following 
a rain, as well as of freshly cultivated soils. 

An uunrease in the quantity of coarse water-stable a^regates (>0.42 mm.) 
increased the cloddiness and consequently decreased the mrodveness of the soil. 
An increase in the quantity of fine water-stable particles (<0.02 mm.) produced 
the same effects. Many soils possessing a similar water-stable aggregate struc¬ 
ture varied appredably in cloddiness and erosiveness, suggesting that other 
factors beddes the watenstable a^egate structure mi^t influence the dry dod 
structure and erodveness of soils. 
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FORMATION OF WATER-STABLE STRUCTURE IN PUDDLED SOILS* 
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Althou^ little is yet known about the exact mechanics of soil structure forma¬ 
tion, it is believed that the mechanical actions accompanying wetting and drying, 
shrinking and swelling, freezing and thawing, and the growth of plant roots cause 
the rearrangement of soil particles into structural groups. It has also been 
observed that certain materials in the soil such as some of the cations, principally 
calcium and hydrogen, iron hydroxides, and organic matter are associated with 
the occurrence of those structures in which a high percentage of the aggregates 
are water-stable. Although many of these relationships are taken for granted, 
their exact fimctional values have seldom been worked out, largely because of 
the inherent difficulties in describing soil structural properties in precise and 
quantitative terms. There is a need for clarification of the concept of soil struc¬ 
ture and for the development of objective and quantitative measurements of the 
natural physical state of field soils (3). 

HISTOBICAIi KEVIBW 

Evcduating soU slmcture 

Because the soil is such a commonplace thing, the words describing it are common words 
with many shades of meaning varying with time and locality. Although attempts have 
been made to assign limited meanings to common soil terms for the sake of precise and 
accurate description, some of the confusion still persists. 

The Anglo-Saxon “tilth” has come to mean (31) “the phytical condition of a soil in 
respect to its fitness for the growth of a specified plant.” But the word “structure” as 
commonly used still possesses ambiguity. Some use “structure” synonymouriy with 
“aggregation.” In the glossary of the 1938 Yearbook of Agriculture (31), ‘Structure” 
is defined as follows: “the morphological aggregates in which the individual soil particles 
are arranged.” If this limited definition is accepted, there seems to be a need for some word 
to describe that condition of the soil which is neither structure nor tilth by the foregoing 
definitions but which lies in the realm between. It is that whole moipholo^cal condition 
of the soil which results from the arrangement of the soil mass, whether it be beneficial or 
harmful to plants, and which is an intrinsic quality of the soil itself, regardless of the nature 
of the vegetation upon it. 

Baver (2), Weir (33), Kolodny and Neal (11), and Lyon and Buckman (13) refer to soil 
structure as “the arrangement of soil particles,” a definition which would seem to have 
broader implications than that structure is merely the aggregates themselves. NiMforoff 
(18) defines structure as a condition of the soil in which the primary particles like sand, silt, 
and clay are arranged into various aggregates. To some a picture of soil structure is not 
complete unless it is descriptive of the pore space as wdl as the solid mateiisd. Others 

^ Journal paper No. J.-1072 of the Iowa Agricultural Experiment Station, Project No. 
683. A report of work begun in the laboratory of W. P- Kelley under the joint sponsorship 
of the University of California and the National Besearch Frilowship Board of the National 
Eesearch Council and continued as a project of the Iowa Agricultural Experiment Station. 

* Assistant professor of soils, Iowa State College. 
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(12, 23) think of the natural soil structure as the complete pattern of pore space and solid 
material as it occurs natur^y in the soil in undisturbed condition. To these persons, 
aggregation, althou^ it contributes markedly to structure, is not synonymous with it. 

Regardless of definition, aggregation is obviously so closely related to all the different 
concepts of soil structure that measurements of the soil aggregates must be closely related 
to the structure of any given soil. Difficulties are met, however, in finding accurate means 
of describing and characterizing even so definite a property as aggregation. Morpholo^cal 
characteristics of individual aggregates that can be isolated from the soil and that show up 
best when the soil is nearly air-dry, have proved useful to soil classification (18). 

''Good structure” as commonly used in reference to surface soils, usually means either a 
granular or a water-stable structure or both. The methods proposed for the evaluation of 
the structure of wet soils consist for the most part of means of determining the size dis¬ 
tribution of the water-stable aggregates. Although the methods are arbitrary, they are 
valuable because they furnish quantitative information about soil aggregation which can 
be obtained quickly and objectively. The wet-sieve method as described by Yoder (34) 
is frequently used. Such methods do not portray a complete picture of the natural state 
of the soil. A better idea of the complete pattern of solid and pore space can be attained 
with such tension methods as that described by Russell (25). Because of its accuracy and 
simplicity Rolodny and Neal (11) recommended a dispersion method for measuring aggrega¬ 
tion. Th^r results were expressed as the percentage of the total mechanical separates less 
than 40/1 that were “microaggregated” in particles greater than 40 /i. In the study reported 
in this paper, aggregate analysis was selected as the means for measuring water-stable 
structure, and a microscopic method (22) was chosen because it was adapted to the study of 
small samples and because it made possible direct observation of the morphological charac¬ 
teristics of the aggregates. 

Effect of organic rruaiter and microbiological activity on development of water^stable 
^ aggregates in soil 

Many observations have been made of the beneficial effect of organic matter on soil 
structure (1,4,5,6,7,8,16,24). Studies of this effect have led naturally to investigations 
of the microbiological processes responsible for the chemical and physical changes in organic 
materials upon their return to the soil. The exact nature of the changes and their influence 
on structure have not been worked out. It is generally thought (20), however, that the 
effects of organic matter on structure may be due to the binding action of the decomposition 
products of plant residues, to mechanical binding by microbiolo^cal growth structures 
such as fungal mycelia or masses of bacterial cells, and to the cementing action of secretory 
products of microorganisms such as mucus, slime, or gum. 

Chemical changes resulting from microbial activity doubtless affect the nature of the 
materials that hold the discrete particles in clumps. Myers (17) assumed that colloidal 
organic matter and inorganic colloids united chemically and thought that the stability of 
aggregates bound by organic colloidal material was due to the irreversibility of such colloids 
following dehydration. Sideri (29) believed aggregates resulted from the establishment 
of a firm bond between clay and quartz sand, the nature of the aggregates depending on the 
colloidal part (28). Furthermore, he (29) claimed that a clay-humus bond developed as a 
result of mutual orientation based on similar crystalline periods. Where an excess (30) 
of humus occurred in a sand-clay-humus mixture, the mass, on drying or freezing, would 
separate out into two parts, one containing an anisotropic combination of sand, day, and 
humus, and the other, organic matter. This latter material, because it had a higher surface 
tension than the anisotropic center, would separate from the mixture after the clay was 
“saturated” with humus and distribute itself at the periphery of the anisotropic central 
mass, producing the typically sphericd shapes of granular aggregates. 

It is difficult to separate the granulating influence of organic compounds in the soil from 
the influence of calcium, hydrogen, iron hydroxide, and other materials known to be as¬ 
sociated with aggregation. In some cases the granulation may possibly result from some 
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combination of such materials. Martin and Waksman (15) noted that the effect of lime 
on aggregation seemed to be associated with its effect upon the action of the organic binding 
material, an observation in line with the ideas of Kubiena (12) and of Bradfield and Jamison 
(3), who suggested that soil structure formation depended more on cementation processes 
than on the flocculating effect of calcium. The role of lime on granulation may lie in its 
effect in creating a medium favorable to the production of sticky materials in the decom¬ 
position of organic matter. Shrikhande (26) found a neutral reaction essential to the 
production of stickiness in manure heaps. 

Soil treated with organic matter and incubated at favorable moisture and temperature 
conditions will be bound into rather stable masses by intricate, interlacing networks of 
fimgal mycelia. This phenomenon can be readily observed and has been described by 
Waksman and Martin (32). There is some speculation that soils may be bound into ag¬ 
gregates by masses of bacterial cells. 

It was noted that certain organic materials such as celluloses and oat straw would yield 
sticky mucilages (9,10,26, 27). This su^ested the possibility of such materials acting as 
binding substances for soil aggregates (21), a posribility which was successfully explored by 
Kanivetz and Korneeva (10), Martin and Waksman (15), Peele (20), and Peele and 
Beale (21). 

Peele (20) found that pure mucus produced by bacteria could effectively bind soil into 
water-stable aggregates, provided the soil and mucus were kneeded together into granules 
and air-dried. The binding action was attributed to the natural cohesion of the mucus for 
soil and to the irreversibility of the mucus on dehydration. Additions of sucrose to Cecil 
sandy loam and inoculation with microorganisms resulted in an increased number of large 
water-stable aggregates upon incubation. When added under aseptic conditions, the fun^ 
were more effective than bacteria. 

The natural assumption has been that anything which increased the number of large 
water-stable aggregates would increase inflitration and decrease runoff. Peele and Beale 
(21) tested this theory in field plots where they checked the actual effect on erosion of the 
aggregation resulting from additions of organic matter and microbiological cultures to soil. 
Sucrose plus inoculation with Penidllium oxalicum produced both an increase in aggrega¬ 
tion and a decrease in runoff and erorion. 

EXPERIMENTAL 

This experiment was planned to test the effect of the products of decomposition 
of certain orgamc materials on the capacity of soil to assume a hi^y a^regated, 
water-stable structure. The basic procedure was to mix organic matter with 
the soil, incubate it for a month, puddle the mixture thoroughly, and then induce 
the development of a^regation by exposing the soil to wetting and drying. 

Soil from the B horizon of Tama silt loam from near Gladbrook, Iowa, was 
selected for use throughout the experiment because the scarcity of large primary 
particles in this loessial material would simplify the study of abrogation. The 
mechanical analysis by the method of Olmstead et ah (19) and the numbers of 
discrete grains per gram by direct count (22) are presented in table 1. 

The organic materials were added in triplicate to the soil samples at a rate 
equivalent to 5 tons per acre (2,(K)0,000 pounds). The pattern of the experi¬ 
ment was three lOO-gm. samples of untreated soil, three samples of soil plus 
ground alfalfa, three of soil plus groxmd cornstalks, and three of soil plus sucrose. 
The samples were incubated for 30 da 3 rs at 30°C. and at 60 per cent saturation 
capacity. As a check on the influence of microbiological activity on the effects 
resulting from additions of organic matter, another similar set was mixed and 
sterilized in a steam autoclave at 15 pounds’ pressure for 15 minutes on each of 
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three consecutive days and incubated under aseptic conditions. In order to 
amplify the posEdble effects of the ordinary rate of application a third set was run 
similar to the unsterile set except that the rate of application was increased to 
50 tons per acre. 

Tesi for wniformHy qf aggregate formation following pudMing 

In order to dieck the uniformity of structure developing in similarly puddled 
and treated samples, the soil was puddled and allowed to wet and dry 10 times. 
The samples were puddled by manipulation when at a moisture contMit close to 
the moisture equivalent as described by McGeoige (14). At first the samples 
were molded in the bottoms of beaters, but it was impossible to avoid folds and 
cracks. It was found that the most uniform ph 3 rsical condition could be obtained 
by working the soil into small marbles about 1 cm. in diameter. The bails were 
wetted in the spray of a power atomizer and placed in an evacuated desiccator 

TABLE 1 


Primary partideg in a sample of the B horizon Tama siU loam 


SEPASA1B 

PEXCE3iTAGS OF TOTAL 
'WEIGBT 

NUIIBEK FEft 6SAJC 

Medium send..... 

0.2 

0 

Fine sand. 

0.2 

0 

Very fine sand. 

3.6 

673,000 

460,000,000 

Silt'. 

57.7 

Clay 0.005 to 0.002 mm . 

5.1 

Clay 0.002 to 0.001 mm. 

4.6 


Clay less than 0.001 mm. 

28.5 


Total. 

99.9 





for 2 horns to md the capillary distiibution of the moisture. After each wetting 
the samples were air-dried at room temperature. After the final diTing the bails 
were slaked for 1 hour in water. Then the clear water was syphoned off, the 
sample was dispersed in glycerine, and three plates were poured for counting 
(22). The avert^es of the three counts per ball are shown in the upper part of 
table 2. 

The uniformity of r^egation was better than was expected. Since most sand 
grains could be distinguished, they were counted to give an idea of tire propor¬ 
tional sand content. Enoi^ sand grains were insuffimentiy distinguishable 
from aggr^tes, however, to subject this mode of separation to some error, as 
shown by the variability between sand and a^r^ates of a given size as compared 
with the total counts of sand plus a^regates in the same size class. Neverthe¬ 
less, the number of sand grains icr each size group was fairly well indicated. 

The natural drying of the samples closely resembled fidd conditions, but 
because of the time involved, a test was made of tire uniformity of aggregation 
occurring where the samples were dried on a tray 10 inches above a large hot 
plate kept at 60°C. 
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The values ^veu in the lower part of table 2 show that the unifonnily was not 
lessened by this treatment but that the artificial heating resulted in better 
a^regation in all the ozes counted. Because of the saving in time, this treat¬ 
ment was used in the rest of the e^)eriment, on the assumption that the a^rega- 
tdon, althou^ better than would occur at low diying tmnperatures, would still 
reflect differences in treatment in the order of their expected effects imder natural 
conditions. 


TABLE 2 

Test of uniformUy of aggregation in puddled soil 
Counts in thousands i>er gram 


PUIXDLED 
BAILS BY 
NUllEEX 

>0^ IOC. 

AGGSB* 

GATES 

>0^11U. 

AGGIE- 

nATite 

0.25-0.1 

IOC. 

AGGIE- 

GATES 

0.1-0.05 IOC 

0.05-0.02 IOC. 

Aggre- 
1 gates 

Sand 

grains 

Total 

Aggre¬ 

gates 

Sand 

grains 

Total 

1 

Pvddled soil wetted and dried at roam temperature* 

1 


8 

76 

640 


1,040 

546 

960 

miB 

2 


11 

65 

556 

266 

822 

360 

1,030 


3 


8 

63 

517 


797 

387 

998 

1,385 

4 


7 

42 

532 

219 1 

751 

387 

1,028 

1,415 

Ave. 


8.5 

62 

561 

291 

853 

1 

420 

1,004 

1,429 



0.9 

6.6 



69.6 



141,5 


Puddled soil dried over hot plaUt 


1 

2 

Ave. 

mm 

n 

83 

86 

84.5 

850 

821 

836 

290 

226 

258 

1,140 

1,047 

1,094 

2,800 

2,010 

2,405 

3,035 

3,300 

3,168 



B 


12.9 



82.7 



475 


* Averages of three samples per ball. 

t Standard error of the mean based on three items per mean, each itmn being the mean of 
two samples. 

t Averages of four samples per ball. 

§ Standard error of the mean based on four items per mean, each item being the mean of 
two samples. 

Effect <ff organic materials on devdopmeni of vxiter-dcMe aggregates 

Groimd cornstalks, ground alfalfa, and sucrose were mixed in 100-gm. samples 
of the soil at rates of 5 and 50 tons per acre, and the mixed samples were puddled 
and exposed to wetting and (hying as described previously. The experiment 
was duplicated at the 5-ton-per-acre rate by a set kept sterile thror^out the 
incubation period. The results are presented in table 3. 

When the soil was not sterilized and organic matter was applied in amounts 
equivalmt to 5 tons per acre, every treatment resulted in a significant decrease in 
the a^regates in the range 0.1 to 0.05 mm., the greatest decrease occurring in 
the sample receiving sucrose. For the larger sizes the results were inconsistent, 
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and only a few of the differences were great enough to be significant. It is 
noticeable, however, that in the unsteiile set the organic materials resulted in 
numerically fewer aggregates in most c^s as compared with the untreated soil, 
a tendency not apparent in the sterile set. 

With some exceptions the results in the sterile set for the 5-ton rate could be 
said to be represented fairly well by the check. The slightly larger number of 
a^egates in the 0.1 to 0.05 mm. size for the sucrose treatment may be the 

TABLE 3 


Effect of organic materials on the development of water-stable aggregates in puddled soil 

Counts* in thousands per gram 


TS£AlMEirt 

>1 IdC. 
AGGSE- 
GATES 

1-0.5 MM. 
AGGSE- 
GATES 

0.5-0.25 MM. 
AGGBE- 
GATES 

0.25-0.1 MM. 

AGGBE- 

GATES 

0.1-0.05 MBC. 

Aggre¬ 

gates 

Sand 

grains 

Total 

Soil not sterilized 








No treatment. 

0 

2.9 

15 

136 

848 

181 

1,029 

5 T./A. alfalfa. 

.4 

3.0 

14 

79 

700 

141 

841 

5 T./A. com stalks. 

0 

1.3 

17 

123 

681 

164 

845 

5 T./A, sucrose. 

.2 

1.4 

21 

130 

568 

124 

692 

50 T./A. alfalfa. 

.07 

2.3 

20 

99 

400 

134 

534 

50 T./A. cornstalks. 

.3 

2.1 

12 

65 

332 

94 

426 

50 T./A. sucrose. 

.2 

2.0 

4 

24 

172 

70 

242 

Least highly significant 





m 

m 


difference. 

.2 

2.0 

8.6 

41.7 



220 

Least significant 


1 






difference. 

.3 


6.0 

30.0 

■ 

■ 

158 

Soil sterilized 


■1 

Hi 





No treatment.l 

0 

IB 


117 

470 

107 

577 

5 T./A. alfalfa. 

0 

IB 

KB 

135 

483 

86 

569 

5 T./A. cornstalks. 

0 

0.5 

13 

129 

537 

137 

674 

5 T./A. sucrose. 1 

0 

1.1 

16 

120 

694 

136 

826 

Least highly significant 



■I 


m 

n 


difference. 


2.2 


55.6 



310 

Least significant 

i 


IB 





difference. 


1.5 

mm 

38.2 

■ 

■ 

213 


* Averages of three replicates, each of which were sampled in duplicate. 


result of the natural stickiness of undecomposed sucrose. At the 5-ton level the 
aggregation in the sterile set was generally less for aU size ranges than was the 
abrogation of the corresponding soils of the unsterile set, although the diJBFerences 
were not signifi.cant except in the 0.1 to 0.06 size range. An outstanding excep¬ 
tion was the sucrose sample, which showed more aggregates of the smallest size 
than did the corresponding unsterile soil. 

At the 50-ton rate of application, the results were so amplified that the trends 
were more obvious. At this rate, all treatments resulted in an actual reduction 
in aggregation in all sizes less than 1 mm. except in the 0.6 to 0.25 mm. class for 
















































WATER-STABLE STRUCTURE 


296 


all’alfa, although the differences Avere generally not significant in the sizes above 
0.25 mm. Only in the sizes greater than 1 mm. was there an indication of better 
aggregation resulting from additions of organic materials, but at the dilutions 
poured, the density of the aggi-egates per microscopic field was too Ioav to enable 
adequate sampling in this size range. 

In order to obtain a more accurate estimate of the number of large aggregates 
present, a complete rerim of the unsterilized 50-ton-per-acre set was made and 
two dilutions were poured for counting, one the same as before and the other at 

TABLE 4 


Effect of organic material on aggregation determined at densities that enable accurate sampling 

for all sizes counted 
Counts* in thousands per gram 


TRE \TMENT 

>2 ROf. 
AGGRE¬ 
GATES 

2>1 M9I. 
AGGRE¬ 
GATES 

1-0.5 

MSI. 

AGGRE¬ 

GATES 

0.5-0.25 

MM. 

AGGRE¬ 

GATES 

0.25-0.1 

MM. 

.AGGRE¬ 

GATES 

0.1-0.05 MM. 

Aggre¬ 

gates 

Sand 

grains 

Total 

No treatment. 

0 

.270 

5.5 

70 

87 

373 

64 

437 

Alfalfa. 

0 

0 

2.4 

40 

77 

328 

69 

397 

Cornstalks. 

0 

.012 

0.8 

8 

55 

237 

47 

284 

Sucrose. 

.046 

.380 

1.1 

3 

11.8 

54 

18 

72 

Least highly significant 









difference. 


.24 

2.7 

9.2 

40.5 



142 

Least significant 


] 







difference. 


.16 

1.9 

6.3 

27.9 



97 


* Averages of three replicates, each of which were sampled in duplicate. 

TABLE 5 

Number of fibers per grain compared with aggregates per gram* 



0.5-0.25 MM. 

j 0.25-0.1 MM. 

[ 

0.1-0.05 MM. 

Fibers. 

430 

[ 2,400 

6,000 

Alfalfat A A . 

\ Aggregates. 

40,000 

> 77,000 

1 

397,000 

« . , f Fibers. 

170 

1,800 

1,450 

Comstalkst | Aggregates. 

8,300 

55,000 

284,000 


* Averages of three samples, 
t Bate of application 50 tons per acre. 


a concentration that Avould give a high enough density of the larger particles 
(greater than 1 mm.) per microscopic field to ensure representative sampling. 
From the results in table 4, it can be seen that although alfalfa and cornstalks 
did not produce the same degree of aggregation as that developed in the imtreated 
soil, the sucrose resulted in the best aggi’egation of particles greater than 1 mm. 
in size. Although the effects of the treatments are in the same directions as in 
the first test at the 50-ton-per-acre rate, they are not of the same magnitudes, a 
circumstance that probably reflects lack of complete control over the rate of 
wetting and of drjmg in the two runs. 
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Since a number of fibers were noticea])le in the dishes poured from the samples 
treated A\ith either alfalfa or cornstalks, it was feared that these fibers might be 
present in a concentration high enough to have a marked diluting effect. An 
actual count of the readily recognizable fibei*s showed that thej’^ constituted only 
a small portion of the particles present in each size group (table 5). 

Effect of organic materials on morphology of aggregates formed after puddling 

The aggi-egate analyses shoAved that marked differences in the soil structure 
resulted from different organic materials, the gi*eatest differences occurring be- 



Fig. 1. Types op Aggkegation Dea eloped pkom Puddled Soils Upon WettinCi \nd 

Deying 

Organic materials applied at the rate of 50 tons per acre 

*1. Typically granular structure developed in puddled balls of soil tieated with com 
stalks. 

B. Angular, blocky structure developed in puddled balls of soil treated with sucrose 

C. Poorly aggregated balls of soil receiving sucrose but incubated under aseptic con¬ 
ditions. 

D. Dense, angular aggregates of soil treated with sucrose (appioximately 4 5 X) 

tAveen sucrose-treated soils and the other soils in the expeidment. The soils re- 
cehung sucrose also showed definitely different morphological characteristics. 

After the incubation period the soils treated Avith alfalfa and sucrose wove all 
of the same light broAATi color as the check, but the soil treated AAdth sucrose was 
black. Upon wetting after puddling, all the balls except those made from the 
sucrose-treated samples absorbed Avater rapidly, the drops disappearing from the 
surface by capUlar^^ adjustment, AA'hereas the Avater drops lingered on the surface 
of the balls from the sucrose set until the Avholc surface became AA’ct and shiny. 
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At the second -wetting, many small cracks, -which had appeared in all except 
the sucrose set, quickly closed from swelling, and a tendency toward exfoliation 
appeared in the sucrose set. Both the untreated soil and the cornstalk soil were 
easily wetted, but the alfalfa soil did not take the water up readily. The sucrose 
soil was still very hard to wet. On the third wetting a noticeably granular struc¬ 
ture began to appear in all except the balls from the sucrose soil, which still 
showed very little swelling or granularity but which had begun to split into large 
angular blocks of tightly cemented plastic material. These morpholc^cal dif¬ 
ferences, which were noticeable at both the 5-ton and 50-ton rates of application, 
persisted throughout the wetting and drying process and are shown in figure 1. 
In the sterile set, however, there was less difference between the differeut sam¬ 
ples. 

figure lA depicts the soil treated -with cornstalks as it appeared after wettiig 
and drying 10 times. It is typical of the granular condition of all samples except 
those recei-ving sucrose. The angular, blocky structure of the sucrose-treated 
samples is shown by figure IB. The effect of keeping the soil sterile during the 
incubation is seen in figure 1C, which shows sucrose soil treated similar ly to 
that in figure IB except for sterilization. In figure IB the angular blocks of the 
unsterilized sucrose-treated soil are sho-wn at approximatdy 4.5 magnifications. 

DISCUSSION 

Preliminary tests revealed that samples of the same soil would develop similar 
states of a^egation, if similarly treated, puddled, and exposed to wetting and 
dryiag. This uniformity of results seemed to justify the use of the procedure 
as the means of testing the relative effects of different organic materials on 
the ability of soils to become a^egated following puddling. The tests in the 
first part of the experiment, including those at the 5-ton-per-acre rate in both the 
sterile and the nonsterile set and the first set at the 50-ton rate, were all run at 
tiie same time under virtually identical conditions of wetting and drying. When 
the rerun was made, however, at the 50-ton rate of application, a new set of 
values was obtained. This was interpreted to reflect the effect of differences in 
wetting and drying conditions which could not be completely controlled with 
tixe equipment used. 

Tr^ds which were not apparent at the 5-ton rate of application were definite 
at the 50-ton rate. Although such an impractical rate of application would not 
be used in the field, the results very likely reflect the trends that should occur at 
ordinary rates. Why the alfalfa and the cornstalks, in general, did not produce 
such good allegation as that which developed in the check sml is not known. 
Sudi results are contrary to common e3q)erience. Possibly the biological acti-vity 
stimula-ted by the presence of the organic matter resulted in a weakening of the 
binding material already present in the soil. It is also possible that the often 
observed beneficial effect of organic matter on soil structure in the field has been 
largely -the result of the binding action of such microbiolo^cal growth forms as 
myceUa, which could not contribute noticeably to the structure of the soils in 
the experiment because they were broken up by the puddlii^ treatment after 
incubation had been completed. 
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The outstaadii]^ diffei-ence due to treatment was the quantitative and mor¬ 
phological nature of the aggregation developed where sucrose had been added 
at the rate of 50 tons per acre. When counts were made at concentrations great 
enou^ to ensure accurate sampling of the lar^ a^regates, sucrose was foimd 
to result in fewer a^egates smaller than 1 mm. and in more aggr^tes laiger 
than 1 mm. The structure resulting from sucrose consisted of large angular 
blocks resembling angular nut structure accompanied by a mixed, discontinuous 
mass of very small aggregates and dispersed material. The blocks consisted of 
dense, fine-grained material. On the other hand, ail the other samples exhibited 
a granular structure, with few very large granules and very little dispersed ma¬ 
terial. These results raise the question of what is good structure. Would the 
granular soil which rapidly absorbed water and which had more particles in the 
size classes between 0.05 and 1 mm., result in better moisture absorption and less 
erosion than the structure consisting of a greater number of large, compact, 
angular fragments and fewer a^regates in the intermediate sizes? 

In view of the different rates of decomposition of materials involved, it is 
realized that the stage of decomposition in each treatment was not the same at 
30 days. It mi^t be that upon more complete decompoation the alfalfa and 
the cornstalks would produce structures more like that resulting from sucrose, 
wbidi is more rapidly utilized by microorganisms. In spite of the variability 
in results at the 5-ton level for the sizes larger than 0.1 to 0.05 mm., there was 
evidence of reduced aggregation in the sterile set as compared with corre¬ 
sponding samples in the unsterile soil. Thiscould be taken as an indication that 
biolo^cal activity was essential to the changes produced, provided the total 
effect was not due to the sterilization treatment itself. 

The marked differences in structural morphology and in the size distribution 
curves of water-stable aggregates that resulted from sucrose as compared with 
the other treatments emphasize the need for refined methods of evaluating soil 
structure and for a better knowledge of what constitutes good structure. 

SUUMART 

Development of aggregation was tested in samples of soil from the B horizon 
of Tama silt loam mixed with ground alfalfa, ground cornstalks, and sucrose 
at rates of 5 and 50 tons per acre, incubated for a month, puddled, and exposed 
to wetting and cbying. 

Preliminary tests revealed titat it was possible for samples of the same soil 
to acquire somewhat similar states of aggregation following puddling if e^qposed 
to similar conditions of wetting and drying. 

Except whmx the soils were incubated under aseptic conditions, ground fdfaifa 
and cornstalks resulted in less aggravation, in general, tbfl.Ti that which developed 
in the untreated soil. At the 50-ton rate cornstalks produced less a^regation 
than alfalfa. These results may mean that at the stage of decomposition repre¬ 
sented by this experiment, the incubation of these materials in the soil had 
resulted in changes that depressed the capadty of structure to form following 
puddling- 

At the 50-ton rate sucrose produced more a^regates larger than 1 mm. than 
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occurred in any of the other treated or untreated soils, but in most cases it re¬ 
sulted in fewer aggregates smaller than 1 mm. The aggregates in the sucrose- 
treated samples were angular and blocky and were composed of a dense, compact 
ground mass, whereas the aggregates in all other samples were granular and were 
composed, in turn, of aU grades of smaller sized granules. The structural units 
in the sucrose samples were wetted with difficulty and did not exhibit much 
swelling, whereas the structural units in all the other samples absorbed water 
readily and exhibited marked swelling. 

What would be the agricultural significance of the outstanding differences in 
the morphology and in the size distribution of the aggregates that formed in the 
sucrose-treated soil in comparison with the other soils is not known. The results 
of the study point to a need for careful characterization of soil structure in order 
that the relation of cultural practices to the physical condition of the soil may be 
established with greater accuracy and definiteness. 
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Intrazonal soils develop when some local condition interferes with the normal 
soil-forming processes and forces a departure from the normal or zonal tyjie. 
In the Minnesota portion of the Red River Valley varying quantities of soluble 
salts in localized areas produced conditions that have given rise to a series of 
intrazonal soils, which are now foimd amoi^ the normal chernozems and cher¬ 
nozemlike soils of the valley. 

When the waters of Glacial Lake Agazzi receded, a vast area of nearly level 
terrain was exposed. On this plain were areas of varying size on which shallow 
lakes and swamps persisted and a hi^ ground-water table was common. Since 
surface drainage was imperfect, the only escape for water from many areas was 
solar evaporation, and under these conditions the dissolved salts accumtilated 
as the lakes, ponds, and swamps became dry. The soils were either salinized^ 
or alkalinized, depending on the amoimt of salts that accumulated. 

In some soils examined, the salts consisted of sulfates and hydrogen carbonates 
of calcium, magnesium, and sodium (14). Sodium sulfates and the three hydro¬ 
gen carbonates were present in relatively snaaU amoxmts; therefore, the bulk of 
the salts consisted of CaS 04 and MgS 04 . Until excessive amoxmts of CaS 04 
had been removed from the solum by leaching, solonetz formation was repressed 
by the protective influence of calcium ions (15). Solonchak soils now occur 
much more generally near the eastern outer side of the valley, whereas solonetz 
in various stages of solodization, and possibly solodi soils, are to be foxmd in the 
central part. 

The present study is concerned with three groups of solodized soils vrhich 
may represent different stages in the solodization process. 

MATERIALS AND METHODS 

The soils of group I are the least solodized of the three groups. In this group 
are five of the six profiles of solodized solonetz for which Rost (14) has already 
reported many data.^ The soils contain soluble salts in the B horizon, which 
is further characterized by a columnar structure. They occur in variably sized 
spots, usually small, and appear to lie on the slopes of very slight depressions. 

^ Paper No. 2021 of the Scientiific Journal Series, Minnesota Agricultural Experiment 
Station. Assistance in the prosecution of this study was furnished by the personnel of the 
Work Projects Administration, Official Project No. 166-1-71-124. Sponsor: University of 
Minnesota. 

® Professor of soils, and chemist Twin City Ordnance Plant, respectively. 

^ The terms salinization, desalinization, alkalinization, and solodization have been defined 
by Nildforoff (12, p. 786) and by KeUogg (8, p. 23-25). 

^ Exhaustion of laboratory samples necessitated omission of Rost’s profile 2 from this 
study. 


301 



302 


C. O. ROST AKD K. A. MAEHL 


The soils of groups II and III are distributed similarly to those of group I, 
in that they usually occur in small areas or spots scattered throughout areas of 
normal soil. Instead of beii^ found on the rims of depressions, however, they 
occur more commonly in small depressions, and they are best displayed in such 
situations. They may occur, however, on essentially level terrain. One siz¬ 
able area occupies part of a level plain in Clay County. The area embraces 
approximately 8 square miles and lies in the southwestern and northwestern 
comers of Eiragnes and OaJqport Townships, respectively. Although not all 
the soils of the area are intrazonal, a very considerable part would be so 
classified. Five scattered profiles on this plain and seven others‘in shallow 
land-locked depresrions in ’Willdn and Norman Counties were sampled for the 
present study. 

The morphology of these 12 profiles resembles that of the solodized solonetz 
of group I. The profiles are characterized by an Ai horizon that is black in color, 
with a granular structure at the top which becomes lamellar toward the bottom. 
Light-colored silica-coated particles are observed in this horizon in some profiles. 
The texture varies from silt loam to clay loam. The A* horizon is li^t gray to 
ashy gray in color and lamellar in stmcture. The B horizon is black to very 
dark gray and is very compact and hard when dry and sticky when wet. In 
stmcture it is nutiike to coarsely blocky. It differs in appearance from the B 
horizon of the soils of group I in that it is sli^tly lighter in color and lacks the 
columnar stmcture. From the lower part of the horizon there is a gradual transi¬ 
tion, usually within 4 inches, to the olive-gray day or silty clay parent material. 
Soluble salts have been completdy leached from the profile. 

After representative profiles were located in the field they were fully exposed 
and studied before sampling. When horizons were not more than 6 indies thick, 
one sample was taken. For those 7 or more inches thick, two or more samples 
were taken, each bdng as near to 4 inches as possible. Thus the thickness of 
the sections sampled ranged from 3| to 6 inches. 

The texture of the samples is expressed as the moisture equivalent. The 
reaction, expressed as pH, was determined by means of the glass electrode. 

In carbonate-free samples exchangeable cations were removed by extraction 
with 1 N ammonium acetate. Exchangeable hydrogen was determined by the 
method proposed by Maehl (10). Ckdcium, magnesium, sodium, and potassium 
were determined by standard methods. Samples containing carbonates were 
extracted with a 70 per cent alcoholic solution of 1 AT ammonium acetate, and 
exchangeable cations determined as in the carbonate-free samples. 

Soluble silica and alumina were extracted with a 5 per cent solution of KOH 
in a mannmr similar to that si^ested by Gedroiz (4). Ten grams of soil was 
treated with 25 ml. of 1 per cent HCl and allowed to stand for 3 hours with 
occasional srining. The soluble material was then filtered off and the filtered 
soil d^ested on the steam bath with 50 ml. of 5 per cent EOH for hours with 
occarional stirring. The digested material was filtered, and rilica and alumina 
were determined in the filtrate by standard methods. The amount of silica 
ne<%ssary to convert the AljOs to AliOs* 2 Si 02 was then deducted from the total 
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Si02. Considerable amounts of organic matter were dissolved by the KOH and 
any silica or alumina contained in this is included in the amounts reported. 
For this reason the determination is not so exact as would be desirable. 

The 17 profiles under consideration have been arranged, on a chemical and 
morphological basis, into three main groups. Since the profiles were fairly 
similar morphologically, the di\ision into groups has been largely on chemical 
characteristics. The factors given consideration were the presence or absence 
of soluble salts, the reaction, and the amounts and distribution in the profile of 
soluble silica and exchangeable hydrogen, calcium, and magnesium. 

The criteria used in establishing the three groups follow: 

Grouji I. 

Soluble salts are present in the B horizon. 

The A horizon is acid, but the B shows little or no acidity. 

Exchangeable hydrogen is confined almost exclusively to the A horizon with a higher 
proportion in the A 2 than in the Ai. 

The amount of exchangeable magnesium exceeds that of the exchangeable calcium in the 
B horizon. 

Soluble silica in all horizons is lower than that in corresponding horizons of groups II 
and III. 

Gfowp II. 

The solum is leached of soluble salts. 

The acid reaction extends well into the B horizon, although the latter is usually only 
mildly acid. The acidity decreases with depth in the profile. 

Exchangeable hydrogen usually is found in all parts of the solum and always is highest 
in the A horizon. 

Exchangeable calcium in the B horizon is distinctly higher and exchangeable magnesium 
markedly lower than in the profiles of group I. 

Soluble silica in the A horizon is very hi^, and the amount in the Ai is greater than that 
in the As. 

Chroup III. 

The profile is free of soluble salts. 

The Ai horizon is only mildly acid; the Bi and Bs horizons are more acid than any others 
in the profile. 

Exchangeable hydrogen is lower in the A horizon than in the same horizon in groups I 
and II. As percentage of total cations, it is considerably lower in the Ai than in the As. 

Exchangeable calcium expressed as percentage of total cations is distinctly higher in the 
Ai horizon than in the Ai of groups I and n. 

Soluble silica in the Ai horizon is about the same as that in the As. Amounts in the latter 
usually are hi^er than in the same horizon of members of groups I and II. 

EXPERIMENTAL RESULTS 

To avoid mmecessary duplication of data, analyses of individual profiles are 
not presented. Instead, table 1 gives an average analysis of the horizons of 
17 profiles as they seemed to fit into any one group. The data in group I, then, 
represent an average analysis of five profiles; those in groups II and III, an aver¬ 
age of six profiles each. The inclusion of the three groups iuto one table facili¬ 
tates comparison of the data. 

In discussing the chemical characteristics of the various groups, it should be 
pointed out once more that there is a major difference between group I and the 
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other two groups that is not evident from the data presented. This difference 
lies in the fact that the soils of group I have, somewhere in the profile, an accu¬ 
mulation of soluble salts (14). 

On'the whole, the total depth of soil differs little among the groups, the average 
being about 3 feet. Thou^ the Ai of group III is shallower than that of groups I 
and II, the As and Bi howizons show a progressive increase in thickness from 
group I to ni. This is an of a progressive increase in solodization. 

TABLE 1 

Texture, reaction, exchangeable cations, and soluble SiOt and AhOt of three groups of solodized 

soils 


HOSI- 

ZON 

NESS 


SEAC- 

noN 

TOTAL 

EX¬ 

CHANGE 

CAPACITY 

EXCHANGEABUS CATIUXtb, JfEKUUNrAGE 
OP TOTAL 

SOLU¬ 

BLE 

Si02 

SOLUBLE 

AI 2 O 3 

EXCESS 
Si02 OVEB 
A]s0r2Si02 

lEXIUKE 

ASliOXS- 

TUBE 

EQUIVA¬ 

LENT 

H 

Ca 

Mg 

Na 

K 

ittehes 


f».0. 







per uni 

percent 


Group I 


At 

6.5 

31.3 

5.9 

33.8 

20.7 

51.0 

25.5 

1.4 

1.3 

6.05 

0.129 

5.90 

A, 

4.5 

19.2 

6.0 

16.6 

22.0 

41.1 

32.4 

3.5 

1.1 

4.48 

0.164 

4.29 

Bi 

4.0 

36.0 

7.1 

36.9 

6.8 

24.3 

64.0 

3.5 

1.4 

2.37 

0.405 

1.90 

B, 

4.8 

34.9 

7.6 

38.2 

2.7 

31.0 

63.9 

2.7 


1.94 

0.296 

1.59 

BC 

4.8 

33.1 

7.9 

39.0 

0.0 

42.2 

55.3 

1.6 


1.65 

0.201 

1.42 

C 

8.7 

31.8 


35.0 

0.0 

59.1 

38.6 


1.8 

2.24 

0.137 

2.08 


Group 11 


At 

7.0 

33.1 

5.9 

31.7 

15.7 

59.4 

21.2 


BI 

9.13 

0.102 

9.01 

As 

5.7 

23.8 

6.3 

19.6 

12.9 

56.0 

25.9 

1.3 

lEl 

5.90 

0.183 

5.68 

Bi 

4.7 

31.9 

6.4 

33.3 

8.8 

58.2 

28.7 

0.9 

3.5 


0.335 

2.65 

B 2 

10.0 

35.5 

6.6 

37.1 

7.3 

60.3 

28.5 

IB 

3.3 


0.314 

2.93 

BC 

5.6 

35.1 

7.2 

35.3 

4.5 

63.2 

28.5 

tu 

3.2 

4.34 


4.09 

C 

5.8 

35.3 

7.5 

34.3 

2.7 

65.2 

28.2 

m 


4.44 


4.28 


Group 111 


At 

i 5.2 

42.1 

6.7 

48,7 

7.7 

68.4 

19.8 


3.9 

7.26 


7.17 

A, 

7.2 

31.2 

5.9 


16.8 

55.5 

23.3 

0.8 

3.6 

7.27 

0.128 

7.12 

Bi 

5.3 

36.1 

5.3 


16.6 


29.3 

0.8 

2.9 

4.38 

0.222 

4.12 

B, 

7.3 

38.9 

5.4 

42.1 

12.7 

51.8 

31.9 

EO 

2.8 

3.82 

0.258 

3.52 

BC 

4.0 

38.2 

6.3 

39.5 


55.7 

34.6 

0.9 

2.8 

3.62 

0.232 

3.35 

C 

7.3 

36.7 

7.7 

34.6 


59.9 

35.8 

0.9 

2.6 

3.43 

0.168 

3.23 


The moisture equivalent has been used extensively as a measure of soil texture. 
Althou^ it is recognized that differences in organic matter content and probably 
in the nature of inorganic colloidal matter affect the detomination of moisture 
equivalent, the use of the expression here is felt to be suitable for the purposes 
of this study. The similarity of the figures obtained for the various groups 
indicates the uniformity in texture of the profiles. There is a distinct drop in 
the mdstuie equivalent of the A* horizon df all profiles, compared to the Ai 
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and Bi. The bi^r figure in the B horizon indicates an eluviation of material 
from the A. A close inspection of the data si^ests a somewhat deeper duvia- 
tion of material in moving from group I to III. 

The differences iu pH exhibited in the horizons of the various profiles were 
given considerable wei^t in allocating a profile to any one group. There are 
evident differences in the degree and distribution of acidity between the groups. 
Group I is add in the two surface horizons but basic in the B and C horizons. 
Extensive leaching of bases has not extended beyond the At horizon. In group 
II the same trend is shown with respect to increase in basidty with depth in the 
profile, but leaching has been more extensive and the neutral point is not exceeded 
until the BC horizon is reached. Group III presents a sharp departure from 
the trend of increasing basicity with depth. The Ai horizon is only dightly acid, 
the A 2 is more so, and the Bi and Bs horizons are the most acid in the profile, 
with pH values of 5.3 and 5.4, respectivdy. The acidity extends into the BC 
horizon. The only basic horizon in the whole profile is the C. It would appear 
that leaching has proceeded further or has been more extensive in this group 
than in either I or II. Jud^g from the fairly acid Ai horizons of groups I 
and II, it would be reasonable to bdieve that some time in the past the Ai 
horizon of group III had been more acid than it is at present. Some agency, 
probably vegetation, has been sufildently active to return bases at a faster 
rate than they can be removed. 

Little comment need be made on tl:^ total content of exchangeable cations 
in the various groups other than to point out the reduced number of milli- 
equivalents in the Ai horizon compared to the Ai and B horizons. This could 
be expected in view of the lower amount of colloidal material, both organic and 
inorganic, in the At horizon. Extensive decompodtion and removal of material 
have taken place in this lay^. The organic matter in the Ai horizons increases 
the base^change capadty, and eluviated inorpnic matter deposited in the 
B horizons accounts for the hi^er exchange capacity there. 

Before exchangeable hydrogen is discussed, it mi^t be well to point out that 
recent data of Gammon et dl. (3) have shown that ammoniiun acetate (the 
extractant used in the base-exchange studies reported herdn) tends to ^ve 
apparently excessive amounts of exchangeable hydrogen. Thus, althou^ the 
amounts reported in this study may be greater than they should be, they prob¬ 
ably are comparable. 

Ibe trends shown by exchangeable hydrogen parallel rather dosely those 
shown by the pH. Exchangeable hydrogen is bi^ in the Ai and Ai horizons of 
groups I and H and decreases with depth in the profile. A hi^r content of 
hydrogen to a greater depth is shown fix group II as compared to group I. In 
group IU the exchangeable hydrogen is hipest in horizons At, Bi, and Bi. In 
keeping with a pH of 6.7, exchai^eable hydrogen in the Ai horizon is fairly low, 
less than half that found in the Ai of group I or 11. Whereas hydrogfflu has 
replaced some base or bases to a considerable depth in the profile, extendfiog 
even below the Bi horizon, calcium has in turn replaced hydrogen in the Ai. 

The greatest differences in the exchangeable caldum contents of the various 
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groups axe to be fouud in the reductions in horizons Bi and Ba of group I. This 
difference is due to the predominance of exchangeable magnesium in these two 
layers. A dmilar, but not so pronounced, effect is shown in the BC horizon, A 
reduced exdiangeable caleinm content in the Bi and Ba horizons of group III 
coincides with a hi^er exchangeable hydrogen, and not magnesium as in group I. 

The dominant exdiai^eable cation in the Bi, Ba, and BC horizons of group I 
is magnesium. That such a condition is not confined to intrazonal soils in 
Miimesota is pointed out subsequently in the discussion. Such a situation is not 
evident in the soils of groups II and III, in which the dominant cation throu^- 
out the profile is finlninm. There is just a su^estion of an accumulation of 
magDflaiimn in the Bi, Ba, and BC horizons of group II, in that the contents are 
bi^er than that of the parent material. Thou^ it is questionable whether 
gnnflll differences are significant, neverthdess in group III no accumulation of 
magnedum is evident anywhere in the profile, the cont^t increasing progres- 
sivdy with depth. 

Group I contains a few rmlliequivalents more exchangeable sodium in the 
various horizons do groups II and III, in which the sodium content is 
ne^igible. Horizons Aa and Bi of group I contain 3.5 m.e. of sodium, but it is 
doubtful whether this sttmll amount is suffident to play the role Gedroiz assorts 
to it in the formation of the type of intrazonal soils under discussion. 

The podtion with respect to exchangeable potasdum is just the oppodte to 
that drown by sodium. In other words, exchangeable potasdum in groups II 
and HI, 3 to 4 m.e., is highe r than that in group I, which varies between 1 and 
2 m.e. The amounts are small, of course, in all group, but nevertheless differ¬ 
ences between the group would seem to be significant. Weathering has oc¬ 
curred to a greater extent in the profiles of group II and IH, with a consequent 
greater destruction of silicates, liberating potasdum. Numerous studies have 
shown that potasdum is readily and fibrmly fixed in the exchange complex, and 
it is therefore no anomaly that greater amounts of exchangeable potasdum should 
be found in the profiles of poup II and III. Were the exchangeable potassium 
contents three to four times those shown, some part in the formation of solodi 
soils mi^t be ascribed to this cation, since it is an alkali cation which reacts 
dmilarly to sodium. 

The method of treatment used in this study to obtain so-called soluble silica 
and alumina yields condderable amounts of the latter. The differences between 
the group are not great, though a reduced content may be observed m the intei> 
mediate horizons of group HI, compared to group I and II. There is an evi¬ 
dent accumulation of alumina at some point in all profiles. In group I it is 
largdy in the Bi horizon; in group II, in the Bi and Bs; and in group III, in the 
Bi, Bs, and BC, with the greatest amount in the Bs rather than the Bi. Dis- 
int^ration of the mineral complex has taken place and alumina has moved 
down in the profile. Indications are that progressively greater weathering and 
duviation have occurred in going from group I throu^ II to HI. 

Gedroiz cortsidered that 5 per cent KOH dissolved other than strictly amor¬ 
phous tilica, but if the soluble alumina is combined with sufficient silica to satisfy 
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their ratio as in kaolinite (Al 203 * 2 Si 02 ), then any silica over and above this 
could be considered amorphous silica. Accordin^y the figures in the last 
column of table 1 indicate the silica remaining after a sufficient qumitity has 
been subtracted to combine with alumina as indicated. 

Appreciable amounts of soluble diica are apparent in all hoiizons of the three 
groups. The A horizons contain approximately two to three times the quanti¬ 
ties found at lower depths. If this determination can be taken as an indication 
of the weathering that has occurred in solonetz and solodi soils, destructive 
processes have been active in the surface horizons. Differences in soluble silica, 
which may or may not be significant, are evident between groups. All horizons 
of group II have hi^er soluble silica contents than those of group I, with con¬ 
siderably more in the A horizon. In group III the soluble silica is more evenly 
distributed tbrou^out the profile. To explain this it is assumed that either a 
sli^tly different type of weathering has occurred in group III as compared with 
group II, or dise the former has passed throu^ the st{^ now represented by the 
latter and the silica in the Ai and A* horizons has been more evenly distributed 
by mechanical movement. No ready explanation can be given for the drop in 
horizons Bi and B 2 of group II compared to the A, BC, and C horizons. 

DISCUSSION 

Rost, in a previous paper (14), discussed the profiles of group I, the average 
data for which are shown in table 1. He pointed out that thou^ these profiles 
met the requirements morphologically for a solodized solonetz, they did not 
agree chemically with Gedroiz’ characterization of such profiles in that they 
contained only minor amounts of exchangeable sodium. On the other hand, 
in the B horizon at any rate, magnesium was the dominant exchangeable base. 
Such a condition has been observed in solonetz soils by other workers. Sto- 
rie (18) and Kelley (6) in California, Ellis and Caldwell (2) in Manitoba, and 
Mitchell and Biecken (11) in Saskatchewan reported data on morphological 
solonetz soils in which the exchangeable sodium content was low. 

De’Sigmond (16) has proposed a classification of soils based laigely on chemi¬ 
cal characteristics. In the humo-siallites imder main group II (soils of mixed 
ori^), sodium soils were included as one of three orders. De’Sigmond char¬ 
acterized the sodium soil order as having an ABC profile, a stable colloid dis- 
pertion, a pH of 6.5 to more than 10.0, and an exchangeable sodium content of 
more than 12-15 pm: cent of the total exchangeable bases or a sodium salt content 
of more than 0.15 per emit. Why the figure 12-15 per cent was chosen is not 
dear, unless that contmit of exchangeable sodium is necessary or sufficient in 
minininTn to ^ve rise to soloDotz soils in a manner outlined by Gedroiz (4). 
Thou^ de’Sigmond does not always agree with Gedroiz in the manner in which 
sodium carbonate and sodium hydre^en carbonate may be formed in the soil, 
he is in substantial agreement with the importance of the sodium cation in 
^ving rise to the typical profiles of alkali soils. 

An inspection of the data reported by Kdley (6) shows that several of the 
profiles have sufficient exchangeable sodium to be induded among de’Sigmond’s 
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sodium soils. Stalwick (17), in an investigation of five Saskatchewan solonetz 
soUs, found 6.50 to 21.93 per cent of the total exchangeable bases in the Bi 
horizon to be sodium. Two of these profiles contained 13.16 and 21.93 per cent 
exchangeable sodimn in the Bi horizon, sufficient to be included in de’Sigmond’s 
sodium soils. MacGregor (9) made a study of the waternsoluble salts and ex¬ 
changeable bases in a number of normal soils and morpholo^cal solonetz soils 
of Alberta. The variation in exchangeable sodium as percentage of bases in 
the various horizons of 20 solonetz and 4 normal soil profiles was found to be 
as follows: 


Horizoii 

SolonetB soils 

Normal soils 

Ai 

2-12 

2^ 

A, 

3-16 

2-2 

Bi 

1-17 

1-2 

B, 

1-21 

1-2 

C 

1-6 



It can be seen that some, at least, of the solonetz soils MacGregor examined have 
sufficient sodium to be called “sodium soils” according to de’S^mond’s classi¬ 
fication. 

In the solodized solonetz soils reported herein and also in the solonchak soils 
studied by Rost and Chang (15), the exchangeable sodium in no instance ap¬ 
proaches the limits set by de’Sigmond. Furthermore in only one profile was 
there sufficient sodium to meet the other requirement of a sodium soil, viz. 
0.15 per cent of sodium salt. 

If it is assumed that a TniniiniiTw of 12-15 per cent exchangeable sodium is 
sufficient to give rise to solonetz soils, thai there is evidence that Gedroiz’ 
theories may hcfid in the formation of some California, Alberta, and Saskatche¬ 
wan solonetz soils. But there is no evidence that sodium has plajnd a similar 
role in Minnesota soils, insofar as analyses of solonchak, solodized solonetz, and 
solodi soils have been able to show. What the situation would be with respect 
to true solonetz soils is not known, since none have as yet been investigated in 
Minnesota. It is recognized that the lack of exchangeable sodium is no evidence 
that sodium did not formerly play its part in the formation of solodi soils. 
Gedroiz (4) and de’S^mond (16) fuUy appreciate the fact that solodi soils, in 
the course of formation, may have lost the greater part of their replaceable 
sodium. 

Because of the hi^ exchangeable magneshun found in Minnesota solodized 
solonetz and in solonetz reported from Saskatchewan (11), Manitoba (2) and 
California (6), the su^estion has been made that this cation may be responsible 
for the dispersion of these soils and the resultant solonetzic characteristics. No 
experimental evidence has been forthcoming to substiantiate this suggestion. 
Sushko and Sushko (19) have reported data which indicated that magnesium 
is more like calcium than sodium in its effect on the dispersibility and filtera- 
bility of soils. 

Biecken (13) has discussed the low ratio of calcium to magnesium in the Bi ho¬ 
rizon of solonetz soils, and has asserted tibat the status of the exchangeable bases 
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in the illuvial horizon of the solonetz soils has been establi^ed because of the 
relationship existing between the relative additions of bases by the vegetation 
and miners weathering to the exchange complex. The development of a 
daypan favors weathering of the horizon above, and the Tna gneainTn weathered 
from this layer is greater than the caldum supplied by vegetation, thus allowing 
magnesium to accumulate (13). It is possible in th^ way to account for the 
dominance of exchangeable magnesium in the lower horizons of solonetzic soils 
without assuming it to have played the role attributed to sodium. 

If magnesium is not instrumental in the formation of solonetz soils, and only 
sodium is, the absence of the latter in many solentz soils means that this cation 
has been active in the past but has since been lost, in whidi case the soils 
examined have not for some time probably, and certainly are not at the present 
time, being solonized or solodized. On the other hand, if the absence of sodium 
means that its presence is not essential for solonetz formation, some other agency 
must be sou^t to account for th^ soils. Bray (1) has outlined his theori^ 
on the formation of a daypan in soils. He postulated that the colloidal material 
is formed in place and remains except for downward movement of the superfine 
colloid. Sli^t unsaturation and the mechanical force of rainfall may cause 
dispersion of this superfine material, and leaching waters filtering throu^ 
cracks and root channels move the material to deeper horizons. Bray’s hyi>othe- 
sis su^ests a process by whidi the heavy-texture B horizon of solonetz soils 
could be formed. Then imder such conditions impeded draiiu^ and greater 
weathering in the A horizon would result. 

If, for lack of sodium, solodization has ceased in the group I profiles, then 
further charges toward a solodi soil would not be expected. It would seem 
logical, however, to postulate that, as drainage improves, soluble salts would be 
removed from these profiles. Further leaching would remove changeable 
bases to be replaced by hydrogen and caldum. Sodium mi^t be reduced to 
the contents shown by groups II and III, and magnesium replaced largely by 
calcium, as has already taken place in the Ai and A 2 horizons. A source of 
caldum would be provided by the decomposition of the parent material and 
return by vegetation. Such a retum is indicated by the pH, the comparativdy 
low exchangeable hydrogen, and the hi^ exchangeable caldum in the A hori¬ 
zons of group III. 

The soils of groups II and HI satisfy fairly wdl both the morpholo^cal and 
the chemical requirements of solodi soils as outlined by Gedroiz (4) and de’Sig- 
mond (16). Hydrogen is present to a condderable extent m the mcchange com¬ 
plex, indicating extensive leachii^. The contents of soluble silica meet Gedroiz’ 
requirements in this respect, and, as a matter of fact, few oY the solodi soils on 
which Gedroiz reported have as.hi^ a content of soluble silica as that found in 
the present study. 

Gedroiz laid condderable stress on the importance of soluble dlica as an indi¬ 
cator of the solonization and solodization processes. Thou^ a similarity was 
recognized between the solodi and the podzol profile, Gedroiz found little or 
no soluble silica in podzols. De’Sigmond, on the other hand, placed little 
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importaDce on alkali-soluble silica as an indicator of solodization and maintained 
that the silica found is simply ilie result of previous decomposition by HQ. 
Contrary to the findings of Gedroiz, de’Sigmond (16) found up to 2 per cent 
of soluble silica in a podzol profile. A 5 per cent KOH solution was used, but 
previous treatment vnth HQ -was not indicated. 

Althou^ it is possible that, because of ^nall differences in their manner of 
formation, groups II and III may represent two different tyi)es of solodi soils, 
it is also possible that, as leaching progressed, hydrc^en would move down in 
group II imtil a picture somewhat analogous to that of group III would be shown. 
The exchangeable magnesium, instead of remaining hi^ in the Bi horizon as 
it is at presmit, would be replaced by hydrogen or calcium until a progressive 
increase with depth would result, as shown by the exchangeable magnesium in 
group in. Finally calcium, returned to the sinface by vegetation, would replace 
hydrogen, and a saturated soil would result. 

The data as shown have led to the inference that the three groups of soils 
represent progressive stages or degrees of solodization. There is no evidence, 
however, to diow that these oils formerly were solonetz and solonchak, and 
conversdy, no proof that they were not. The general inference, based mainly 
on hypotheses brou^t forth by Russian workers, is that alkali soils pass thiou^ 
three stages, from solonchak to solonetz to solodi (5). Nikiforoff (12) is not in 
full agreement with the theories of Gedroiz and de’Sigmond that solonchak, 
solonetz, and solodi must necessarily represent three continuous stages and that 
one stage leads inevitably to the next. He points out that the true solodi is a 
t 3 ^ical soil of depressions and that “the most typical solonetz is found not infre¬ 
quently in such locations where nmther solonchak nor, and especially, solodi 
were ever found.” This su^ests the possibility, he believes, that solonchak, 
sdonetz, and solodi may really be gentically independent soil formations, the 
devdopmoat of whidv is governed in each case by different local factors 

If the aforementioned postulates hold, and since the fact that the soils of 
groups II and III were depression soils and the profiles of group I were taken 
on the rims of depressions lends credence to Nikiforoff’s views, then it may be 
that the soils of group I would never become true solodi soils or show the chemi¬ 
cal characteristics evident in groups II and III. 

Some question may be raised as to the use and application of the terms 
solodized solonetz and solodi throu^out this paper. As Kelley and Shaw (7) 
have already pointed out, the application of the terms sdonetz and solondudc to 
some of our intrazonal soils is not dear. Apparently in some instances the 
Russian workers themselves disagreed as to the use of the terms, depending on 
the chemical and morpholo^cal characteristics of the soils in question. De’Sig¬ 
mond (16) asserts that so-called solonetz soils are only truly solonetsie in the 
Rusrian meaning of the term when the soil contains sodium in the adsorption 
complex. If sodium is not present (magnesium dominant), then the term 
solonetz refers only to the structure of the soil and does not correspond to the 
the original idea expressed by the Russian word. 
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SOSOtABT 

A study is reported of the characteristics of samples from 17 profiles of intra¬ 
zonal soils from the Minnesota portion of the Eed River Valley. The soils were 
divided, on the basis of their morphological and chemical characteristics, into 
three groups consisting of five, six, and six profiles, respectively. 

The structure of the B horizon of group I differed somewhat from that of 
groups II and III, but otherwise the morphology of these soils was mudi alike. 
Thus the separation into groups was made lately on a chemical basis. 

Chemical characteristics used in separating the groups were the presence or 
absence of soluble salts, pH, exchangeable cations, and soluble tilica and alumina. 

The presence of soluble salts in the profiles of group I fadlitated their separa¬ 
tion from the profiles of groups II and HI and led to the designation of the former 
of solodized scionetz. The profiles of groups II and III were more acid to a greater 
depth than those of group I and contained more soluble silica. Exchangeable 
sodium and magnesium were hi^er in the profiles of group I than in those of 
groups II and III. 

Groups II and III were differentiated mainly on the extent to which leaching 
had occurred, as indicated by the pE and the exchangeable hydrogen. 

The chemical and morpholopcal characteristics of the profiles of groups II 
and III were in substantial agreement with those of solodi soils reported by 
Gedroiz. 

It was su^ested that the profiles of groups I, II, and III represented a progres¬ 
sive increase in the solodization process, despite the absence of a destructive 
cation such as sodium. 

There was some evidence that caldum is bmg returned to the surface in the 
profiles of group III, and it was suggested that eventually the excdiange complex 
of these soils would become calcium-saturated. 
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The results of investigation of the decomposition of Cyanamid in the soil, 
summarized by Pranke (7), McCool (6), Williams (10), Buchanan and Baisky 
(1), Smock (9), Crowther and Eichardson (2), and Pink (3), lead to the conclusion 
that the chemical changes which the calciinn cyanamide of the commercial prod¬ 
uct* undergoes when properly distributed on good agricultural soils are a simple 
physicochemical hydrolysis throu^ calcium add cyanamide and hydrogen 
cyanamide to urea, as expressed by the following reactions, and the usual bio¬ 
chemical ammonifiication of the urea: 


2CaCN2 

+ 

2H,0 — 

—> CaCHCNs), 

+ 

Ca(OH )2 

Calcium 



Calcium acid 


Calcium 

cyanamide 



cyanamide 


hydroxide 

2Ca(HCNs)2 

+ 

2H,0 — 

2 H 2 CN 2 

+ 

2Ca(OH)i 

Calcium acid 



Hydrogen 


Calcium 

cyanamide 



cyanamide 


hydroxide 

HjCNi 

+ 

2H,0 — 

COCNHj)* 



Hydrogen 



Urea 



cyanamide 






COCNHj), 

+ 

2H,0 — 

CNBUhCOz 



Urea 



Ammonium 






carbonate 




The physicochemical reactions are catalyzed by numerous normal constituents 
of fertile soils, among which are the zeolites prehnite and apophylite; various 
manganese, iron, and aluminum compoimds; the clays in general; and organic 
colloids. 

Decomposition of calcium cyanamide in the soil takes the foregoing normal 
course at the usual pH range of good agricultural soils, from moderately acid to 
slightly alkaline, and m the presence of catalysts and moisture. If, however, the 
soil in spots is rendered stron^y alkaline—^pH 8 to 12—by uneven distribution 
of the calcium cyanamide, the intermediate product hydrogen cyanamide, 
H 2 CN 2 , tends to polymerize to dicyandiamide, (H 2 CN 2 ) 2 . 

^ Contributioxx from the department of horticulture, Missouri Agricultural Experiment 
Station, Coliunbia, Missouri, Journal Series No. 879. This investigation was supported 
by a fellowship grant from the American Cyanamid Company. 

® Instructor in soils, fonnerly fellow in horticulture; associate plant physiologist, Re¬ 
xona! Vegetable Breeding Laboratory, Bureau of Plant Industry, U. S. Department of 
Agr., formerly graduate assistant; and professor of horticulture, respectively. 

> The coxnmercial product Cyanamid is made up largely, but not entirely, of calcium 
cyanamide. 
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These conclusions are based on investigations conducted with pulverized 
Cyanaroid. Use of Cyanamid in granular form introduces a new' factor, since 
obviously not all the calcium cyanamide in a granule can be brought into as close 
physical contact with catalysts in the soil as can that in pulverized Cyanamid. 
The ensuing transformations may be considered somewhat similar to those that 
take place when Cyanamid is stored (5) or when it is used in mixtures with other 
fertilizer materials (4). 

The use of Cyanamid in orchard fertilization has given satisfactory results in 
most cases. When soils lack the necessary catalysts to bring about rapid trans¬ 
formation, or where moisture conditions do not favor rapid decomposition, how¬ 
ever, transformation products toxic to plants accumulate. It is desirable there¬ 
fore that these transformations take place as rapidly as possible. The speed of 
movement through soil and the efficiency in absorption by the roots of broadcast 
applications of granular Cyanamid to fruit trees have been found to be influ¬ 
enced by the precipitation immediately following the spreadmg of the fertilizers 
(8). When heavy rains fall soon after the Cyanamid is applied, the rate of 
absorption of nitrogen is almost as rapid as that from ammonium sulfate or 
sodium nitrate. When dry weather follows the fertilizer application, however, 
the Cyanamid granules become coated with white crystals and remain visible 
for months on top of the ground. Under these conditions the quantity of nitro¬ 
gen absorbed by the trees is much below that absorbed when rainfall is higher. 
Analyses of these granules reveal that, when they remain on the surface of the 
ground for some time, much of the nitrogen is changed to dicyandiamide, which 
is of little immediate value to the trees. Detailed investigations were carried 
out to determine the nature and the rate of these transformations as influenced 
by soil moisture and rainfall conditions. 

MATERIALS AND METHODS 

Thorou^y screened and mixed Memphis silt loam surface soil was weighed 
into 3- by 5-foot field plots 7 inches deep. The plots were covered by paraffined 
cloth that protected them from rainfall but allowed free circulation of air. The 
soil was brou^t to approximately 20 per cent moisture, 16 gm. of nitrogen was 
added in each of the following fertilizers, and water applications were made as 
indicated: 


Plot 1—Amznomum sulfate was spread on the surface. Water was withheld for 14 
days and then added by sprinkling at 4-day intervals in amounts absorbable 
in 15 minutes. 

Plot 2—Granular Cyanamid was spread on the surface. Moisture applications were 
similar to those on plot 1. 

Plot 3—Granular Cyanamid was spread on the surface. The plot was lightly sprinkled 
with water after 4,8, and 12 days. After 2 weeks it was gven the same moisture 
treatments as plot 2. On the second replication the fertilizer was worked into 
the soil to a depth of 2 inches and ^ven the same moisture treatments as plot 2. 

Plot 4—Granular Cyanamid was spread on the surface. Water was added immediately 
in a quantity absorbable in 30 minutes, followed by spr inkling at 4-day intervals 
in amounts absorbable in 15 minutes. 
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The plots were sampled at 4-day intervals with a small tube sampler. The 
Cyanamid granules on top of the sample cores from plots 2, 3, and 4 were care¬ 
fully removed and saved for analyses. The soil samples were immediately dried 
in a forced draft oven at SS^C. Determinations were made for moisture, total 
nitrogen, cyanamide nitrogen, dicyandiamide, urea, ammonia, and nitrates. 
The granules also were analyzed for these constituents and in addition for total 
calcium, water-soluble calcium, and total carbonates. 

A study was conducted also with a 50-gm. sample of granular Cyanamid placed 
on a 40-mesh brass screen | inch above bare moist sod and protected from rain 
but exposed to atmospheric moisture and free drculation of air. At intervals, 
the granules were removed from the screen and weired, a 1-gm. sample was 
removed, and the fertilizer was returned to the same position. The granule 
samples were shaken in sandpaper-lined vials for 30 minutes, which removed 
most of the outside white crust. Anal 3 rses were made for carbonates, caldum, 
and nitrogen compounds in both the inner and outer portions of the granules. 
The results were compared with those obtained on granules collected and ana¬ 
lyzed in previous orchard experiments (8). 

The effects of atmospheric conditions on the formation of encrustations were 
further studied on Cyanamid granules treated in a closed chamber for alternating 
10-day periods with atmospheres of moist carbon dioxide and moisture-free air. 

RESULTS 

The rates of ammonia and nitrate production in the covered plots were similar 
to those obtained in previous field trials (8). 'Where Cyanamid was washed into 
the soil immediately after application, the production of ammonia and nitrate 
nitrogen was rapid; after 8 days it was almost as high as that of the ammonium 
sulfate plot. The plot in which the Cyanamid was mixed with moist soil 
produced ammonia and nitrate less rapidly than did the plot that had been 
thorou^y sprinkled immediately after application of the fertilizer, but de¬ 
veloped a much hi^er content of soluble nitrogen than did the plot on which the 
granules were applied to the surface and water was withheld for 2 weeks. At no 
time was a agnificant amount of urea, caldum cyanamide, or dicyandiamide 
found in any of the soils. The total nitrogen foimd in the soil and granules on 
the blodc receiving no water for 2 weeks after application of Cyanamid was 
somewhat lower, however, than the calculated theoretical amount, a result that 
suggested possible loss of ammonia to the atmosphere. 

To measure any sudi possible loss from the granules, a 1-gm. sample of granu¬ 
lar Cyanamid was moistened on a watdi glass and covered by an inverted funnel. 
Air was pulled over the sample and aspirated throu^ standard add. An 
average of a number of trials indicated that under these laboratory conditions 
1.5 n^m. of nitrogen as ammonia was lost per gram of Cyanamid in 24 hours. 
This is not a large loss, but if it continued in the field at this rate for 2 weeks it 
would amount to 21 mgm., or 10 per cent of the total 210 mgm. of nitrogen 
present in 1 gm. of Cyamimid. 

The dianges in compodtion of the granules are given in table 1. A white 
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crystalline coating gradually formed on the granules applied to moist soil and 
given no water for 2 weeks. These granules lost nearly half of their nitrogen 
in the first 4 days, as evidenced by the presence of only 12 per cent nitrogen at 
the end of that time. After this ini tiflJ period, however, the rate of removal was 
slow, and when water eventually was applied the nitrogen was not removed 
rapidly. 

Cyanamide nitrogen had virtually disappeared after 8 days from the granules 
receiving the heavy moisture applications, but significant quantities were still 
present in the dry coated granules after 28 days. Little dicyandiamide nitrogen 
was formed on the hi^-moisture plots, but as much as 6 per cent was found 
in the granules under the low-moisture conditions. 

TABLE 1 


Percentages of nitrogen in Cyanamid granules a£ intervcds after application to the surface of 
soil under different, moisture treatments 
Original nitrogen content of Cyanamid, 21 per cent 


V0SU07 

ICOISTUBE TSEATMSNT 

DAYS AFEEX APPUCAHON 

MUSOGEN 

4 

8 

12 

16 

20 

24 

28 

Total nitro- 

Water withheld for 2 weeks 

12.0 

11.4 

10.0 

10.2 

7.5 

6.9 

6.1 

gen 

after application of 
Cyanamid 









Sprinkled at 4-day intervals 

12.0 

10.5 

8.6 

Hi 

5.2 

5.4 

6.1 


Soaked after application 

5.4 


1.3 

D 

0.7 



Cyanamide 

Water withheld for 2 weeks 

11.8 

8.5 

5.5 

5.5 

5.5 

5.0 

3.5 

nitrogen 

after application of Cy¬ 
anamid 









Sprinkled at 4-day intervals 

11.8 

6.0 

5.5 

5.0 

4.5 

4.5 

2.0 


Soaked after application 

4.9 

■H 

0.5 




... 

Dicyandi¬ 

Water withheld for 2 weeks 

Trace 

3.0 

4.0 

2.0 

2.5 

2.0 

2.5 

amide 

after application of 








nitrogen 

1 

1 

Cyanamid 

Sprinkled at 4-day intervals 

Trace 

3.5 

2.0 

0.5 

0.5 

1.0 

3.1 


Soaked after application 

Trace 

0.5 

0.2 

0.5 

0.2 




The results obtained imder the low-moisture treatments were compared with 
analyses of crystal-coated Cy-anamid granules collected from beneath apple trees 
in the dry season of 1936. Figure 1 is a photomicrograph of these granules with 
part of the crust cracked off, showing the inner black granule of much the same 
appearance as when first applied. It was found that much of the outside crust 
on the granules was calcium carbonate (table 2). These granules retained a 
large part of their nitrogen until late summer under the dry conditions prevailing, 
and much of this nitrogen was in the form of dicyandiamide. The water-soluble 
calcium declined rapidly and was replaced by less soluble forms. It is significant 
that, for the inside of the granules 44 and 127 days after application, the per¬ 
centage of carbonate, when expressed as calcium carbonate, is approximately the 
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same as when determinations were made for total calcium and the result ex¬ 
pressed as calcium carbonate. This would indicate that all the calcium is 
changed to calcium carbonate when the granules are exposed on the soil under 
low-moisture conditions. The higher percentage of carbonate on the outside 
than in the inside of the gi*anules 14 days after application suggests that the 
calcium moves to the outside, where it reacts with carbon dioxide of the air. 
Later, w'hen all the calcium is changed to the carbonate, some may be lost by 
sloughing off from the outside, gi\ing a gi^eater percentage on the inside. 

Further infoimation on the reactions within Cyanamid gi*anules w^as obtained 
from study of the fertilizer placed on the screen out of contact with the soil. 
Data given in table 3 show’ that these gi’anules, which were not exposed to leach¬ 
ing, increased in w’eight by more than 20 per cent after 45 days of exposure. 



Fig. 1. Photomicrograph (X 15) of Cyanamid Granules Collected 3 Months after 
Broadcast Application to Apple Trees. No Rain Fell on the Granules for 
2 Weeks after Application 

Note formation of white crystalline crust on outside of original surface of granule 

This was apparently due to the carbon dioxide taken up from the air. It is also 
significant that the total nitrogen in the sample deci*eased on continued exposure, 
although no moisture except that condensing from the air reached the granules. 
After 45 days’ exposure the sample had lost over 14 per cent of its original 
nitrogen. It, like the granules taken from the orchard, show^ed formation of 
dicyandiamide nitrogen, decrease in soluble calcium, and increase in carbonates. 

Analyses of both the inner and outer portions of these gi’anules revealed that 
the formation of the white crust was the result of a deposition of a mixture of 
calcium carbonate, dicyandiamide, and other compounds. Close oljsei’vation 
of these granules under binoculam show’cd this crust, in the process of formation, 
to be composed of needle-like transparent crystals (fig. 2) and a mixture of 
opaque white crystals, many of rhomboid form. Careful separations of the 
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Fig. 2. Photomickogr\ph CX 10) Showing Formation of Crust on Cyan\mid Granules 
UNDER Alternate Wetting vnd Drying in the Presence of Carbon Dioxide 
Long needles —1— are calcium cyanamide; round pustules — 2 — are mixtures of calcium 
hydroxide, calcium carbonate, and dicyandiamide. 



Fig. 3 Photomicrograph (X 10) ob Cyanuiid Granules Showing Cvlcium Cyanamide 
Needles Mixed with Dicyandiamide and C\alctdm Carbonate 
Crust developed in laboratoiy under alternate wetting and drying in piesciice ot liberal 
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needle-like crystals disclosed that they were waternsoluble, had a melting point 
of 43°C., and gave a positive qualitative test for the cyanamide ion. The rhom- 

TABLE 2 


Chemical composition of Cyanamid granules collected from beneath apple trees in a season of 

low rainfall (19S6) 

Results of analyses, in per cent 


CmEMTCAL CONSnTtrEMTS 

poxxcoN or 

DAYS AXTE2. APPLICATION 

GKAlinJLES 

0 

14 

30 

44 

127 

Total nitrogen. 


21.0 

11.0 

7.7 

2.5 

1.0 

Cyanamide nitrogen. 


2.2 

Trace 

Trace 

Trace 

0.8 

Dicyandiamide nitrogen. 

Entire 


8.0 

5.8 

2.0 

Water-soluble calcium as 

Ca(OH )2 . 

Entire 

60.7 

24.2 

10.5 

2.1 

0.8 

75.5 

Total calcium as CaCOs. 

Entire 

75.6 

74.1 

77.7 

Carbonate as CaCOs.| 

Calcium as CaCOs.| 

Outside 

Inside 

Outside 

Inside 

3.1 

3.1 

42.0 

30.0 

46.6 

75.5 

32.9 

46.8 

52.8 
73.7 

36.9 

77.2 

46.6 

76.2 

34.5 

78.8 

60.0 

78.4 


TABLE 3 

Changes in Cyanamid granules placed on a screen and exposed to atmospheric moisture hut 

protected from rain 


DAYS A7XEX AmiCAXION 




10 

24 

45 

Weight of sample. 



54.0 

57.6 

60.3 

Total nitrogen in sample. 


mm 

10.5 

10.2 

9.0 

Cyanamide nitrogen. 

.. .per cent 

0 

18.5 

13.5 

6.0 

Dicyandiamide nitrogen. 

.. .per cent 

0 

0.5 

2.5 

7.0 

Water-soluble calcium as Ca(OH)s... 

.. .per cent 

60.7 

34.0 

21.8 

16.2 

Carbonate as CaCOs. 

.. .per cent 

3.1 

6.2 

32.0 

58.6 


TABLE 4 


Chemical composition of inner and outer portion of Cyanamid granules after £4 days* exposure 
to atmospheric moisture hut protected from rain 
Results of analyses, in per cent 


CHEMICAL CONSTITCXNTS 

INSIDE 

OUTSIDE 

TOTAX. 

Cyanamide nitrogen. 

17.5 

12.0 

13.5 

Dicyandiamide nitrogen. 

.5 

4.0 

2.5 

Soluble calcium as CatOH )2 . 

18.7 

24.6 

21.8 

Carbonate as CaCOs. 

25.0 

40.6 

32.0 

Calcium as CaCOx. 

80.9 

81.2 

78.9 


bold crystals were insoluble in water and soluble in dilute add, indicatmg they 
were those of calcium carbonate. 
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On Cyanamid granules treated in a closed chamber with alternate atmospheres 
of moist carbon dioxide and moisture-free air, it was possible to observe the 
rapid formation of this crust. Figure 3 shows the start of the formation; close 
observation reveals the needle-like crystals of cyanamide protruding from the 
crust. When the air passed over the granules contained no carbon dioxide, the 
crust was very slow in forming. 

SUMBIART AND CONCLUSIONS 

Cyanamid granules applied broadcast to the surface of soil in periods of dry 
weather became coated with a w^hite crust. When the granules were exposed to 
soil moisture but protected from precipitation, more than one-third of the nitro¬ 
gen was changed to dicyandiamide or was lost to the air as ammonia in 8 days. 
Precipitation soon after the fertilizer application leached most of the nitrogen 
into the soil. Observations and analyses of the inside of the granules and of the 
white crust showed that the calcium hydroxide formed was all changed to calcium 
carbonate and much of the nitrogen to dicyandiamide in the outer white crust. 
These two compounds produced an insoluble coating, which prevented the rapid 
removal of the nitrogen from the inside of the granule when rains did fall. 

These results point to the necessity of broadcasting granular Cyanamid during 
periods of rainy weather to obtain the best results. Where it must be applied 
under dry weather, it should be worked into the soil. Even in periods of high 
rainfall the results probably will be more satisfactory if it can be cultivated into 
the soil. 
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The potassium content of commercial fertilizers is supplied chiefly as either 
the chloride or the sulfate. These two salts are used distinctively for certain 
plants, primarily because of the supposed difleraarial effects of the Cl and SO 4 
ions upon the quality of the resultant crops. It has not been shown, however, 
that the several phenomena of retention, fixation, liberative effect, and outgo of 
potassium are respectivdy identical for additions of potassium in variant anion 
combination. Moreover, it is not known whether the conservation of the potas¬ 
sium supplied by the manurial salts is affected to the same extent by chemically 
equivalent incorporations of calcic and dolomitic limestones. 

This paper pves the results of a 10-year lysimeter study of the influence of 
anion combination upon the retention^ of potastium from equivalent quantities 
of chloride, sulfate, and nitrate as annual surface applications to three fallow 
soils, with and without sin^e full-depth incorporations of calcic limestone and 
of dolomite. Corollary objectives were to determine whether retention of potas¬ 
sium is proportionate to rate of application and to integrate such retention with 
the attendant con^rvation of the calcium and the magnesium introduced by the 
two types of limestone. The study was restricted to the conservation of the 
several bases within the zone that rec^ved the surface applications and the full- 
depth incorporations. 


EXPEBIMENTAli FBOCEDUBE 

SoUa used 

The three soils used were distinctly different in t 3 q)e, ori^, and characteristics. 
Pertinmit analytical data are given in table 1 . Hartsells fine sandy loam was de¬ 
rived from the sandstone formation of the Cumberland Plateau and was decidedly 
acidic. The more fertile Cumberland silt loam was derived from Ehox dolomite 
and also was addic. Calhoim silt loam was of doessal oii^ and was digb^y 
alkaline, with an ammonium acetate determination of exchange capadty less 
than that of dther of the two acidic soils. The soils differed deddedly also in the 
ratios of their exchangeable caldum and magnedum contents, and the exchange¬ 
able potasEOum content of the alkaline Calhoun soil was only about one third that 
of the two addic soils. 

^ The tern retention is used to connote the quantity of potasmum not recovered in the 
ndnwater leachings from the surface applications of the three potasdc salts. Those frac¬ 
tions of additive potassium that underwent chemiced fixation and “mineralization" and 
any that remained in the forms applied are to be determined by a laboratory study of the 
sdls reserved at the end of the 10-year period. 
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Soil placement 

The total quantity of each soil used was obtained from a level representative 
area and then sifted and mixed under shelter to assure uniformity. The place¬ 
ment in every 1/20,000-acre lysitneter was approximately 7 inches in depth, and 
was the equivalent of 100 pounds of moisture-free soil. Each column of soil 
rested on a bed of quartz, and leachate compositions therefore were not subject 
to the alterative effect of an underlying stratum of subsoil. 

TABLE 1 


Calcium carbonate content, pH, and exchangeable base content of soils in lysimeter experiment 


SOIL 

CaCOi 

COMTENT* 

! 

SEACXIONf 

EXCBANGBABLE BASE CONTENT 

Milligram equivalents 
per 100 gm. 

Pounds CaCOi « per 2,000,000 
pounds 

Num¬ 

ber 

Type 

Inifial 

Final 

Initial 

Final 

Is 

Ca 

Mg 

x§ 

Hll 


Ca 

Mg 

k:§ 

Hll 

6348 

6349 

6347 

Hartsells fine 
sandy loam 
Cumberland silt 
loam 

Calhoun loam 

#ef 

cent 

.025 

.018 

.132 

1 


1 

9.5 

7.9 

6.2 

1.7 

2.6 

6.7 


1 

6.58 

4.55 

0 

1 

1700 

2600 

6700** 

(4470)tt 





* By unpublished titrametric modification of the tentative method (1, p. 3). 
t By ^ass dectrode. 

% By ammonium acetate. 

§ By gravimetric cobaltinitrite procedure of Wilcox (17). 

II By difference between total exchange capacity and the combined Ca, Mg, and K 
values. 

*♦ Not corrected for CaCOs content dissolved by the ammonium acetate, 
tt By difference between total exchange capacity and the combined Mg, K, and H 
values. 


Soil treatment 

The annual applications of the three potassic salts were made in solution to 
assure even distribution over the surface areas. The total imput of each salt 
for the 10-year period amoimted to 2,094 pounds of K 2 O per 2,000,000 pounds of 
soil. The mitial applications were at the 200-pound rate; those made at the 
begnn in g of every subsequent annual period were at the 210.4-pound rate. In a 
companion series, the Cumberland soil also received corresponding annual appli¬ 
cations of potassium sulfate at a fourfold rate until eight additions had provided 
a 6,691-pound imput of K 2 O. Since outgo of potassium therefrom then had 
become about equal to the input, the fourfold additions were discontinued. 

The limestone was an Appalachian marble of 99 per cent CaCOs content. The 
dolomite was from the Knox formation and contained 51 per cent of CaCOs and 
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37 per cent of MgCOs. Both materials were finer than 100 mesh. The single 
incorporation of limestone, and of dolomite, was made in full depth and corre¬ 
sponded to a rate of 1 ton of CaO, or 3,570 pounds of CaCOs, per 2,000,000 pounds 
of soil. These incorporations were made just prior to the first of the 10 annual 
surface applications of the potassic salts, and thereafter the soils in the 36 lysime- 
ters were maintained fallow and were undisturbed. 

Analytical technic 

During the first 6 years of the experiment the rapidity of outgo of potassium 
and the extent of its retention were determined through the analysis of each of 
the 28 successive periodic collections of leachates from the 36 lysimeters. Yearly 
retention of potassium thereafter was computed from the analysis of every com¬ 
posite of the several periodic collections of each annual period. The analytical 
separation of potassium was effected by means of the well-known platinic chlo¬ 
ride method. Concomitant outgo of calcium and magnesium was determined 
also by the use of the conventional method in the analysis of each an mial com¬ 
posite of leachates, but this outgo will be referred to only as it may serve to ex¬ 
plain differences in retention. 

RETENTION OP POTASSIUM 

Amounts of potassium retained against the leaching action of a mean annual 
rainfall of 51 inches are expressed in terms of pounds of KaO per acre of 2,000,000 
pounds, and as percentages of the amounts added. The mean of losses from the 
no-treatment controls was subtracted from the outgo from the soil that received 
only a potassium salt, and this value was then subtracted from the amount of the 
K 2 O addition. The retentive effects of the liming materials were computed by a 
corresponding usage of the soils that received potassic salts alone as controls 
against those that received both a potassic salt and either limestone or dolomite. 
The determined cumulative retentions are graphed against absolute retentions 
in figures 1, 2, and 3. 

Hartsells fine sandy ham. Potassium retention from the sulfate invariably 
was less than the retention from the chloride or the nitrate in the acidic soil, in 
the one limestoned, and in the one dolomited. The retentions from the chloride 
and nitrate were so nearly identical as to warrant the use of their mean values m 
comparisons with the retentions from the sulfate. The mean overall K-retention 
from the chloride and nitrate additions was 1,035 poimds, or 49.4 per cent for the 
unlimed soil, whereas that from the equivalent sulfate additions was 44.6 per 
cent. These values are from significant analytical differences. They indicate 
that a larger fraction of the sulfate was leached unchanged and that the replace¬ 
ments of Ca and Mg by the K of the salts of the monovalent acids exceeded the 
replacements induced by the K of the sulfate. The most pronounced retention 
of additive potassium by the decidedly acidic imlimed fibae sandy loam occurred 
in the initial 3-year period, during which the mean of the per annum retention 
from the three salts was 82 per cent of the annual input. 

Both limestone and dolomite mcreased the total retention of potassium from 



324 W. H. MiCranKB, w. m. sha.w, b. robbtson, and j. b. toting 


eadi of the added salts. RiTni]ii.r results as to the repressive effects that various 
calcic, magaedc, and dolomitic materials eaert upon the solubility of soil potas¬ 
sium, as registeied by the incidence of potassium in the free soil water, have been 
presented in a series of papers (2,3,8,9,11,12,13,14,15,16). The sin^e in¬ 
stance of the opposite effect was the enrichment in potassium content of drainage 
waters throu^ hydrolysis of native supplies of potassium as an initial and tran¬ 
sient effect induced by excesave incorporations of ground burnt line, or CaO ( 2 ). 

Althou^ both limestone and dolomite increased the retendon of potassium 
until the tenib. year, this effect was more pronounced during the first 3 years. 
The mean of the first three anTmal retentions of potasdum by the Elartsells soQ 
with limestone and dolomite supplements was 87 per cent of the annual addition. 
The decidedly decreased annual retentions of potassium from the unlime d soil, 
from the limestoned soil, and from that dolomited, did not appear until the 
seventh year. 

The leachates were derived solely from rainfall, the periodicity of which was 
such that seldom, if ever, were the lysimeter soils subjected to a rigorous leaching, 
or “fl iiahing /* comparable to that of a laboratory aqueous extraction. With no 
surface runoff, about 45 per cent of the 51-inch annual rainfall passes throi^ the 
soil. The hi^er percentage retentions of potasdum during the first 3 years 
cannot be attributed, however, to sluggishness of gravitational movement of the 
potasdum solutes throu^ the column of soil and to ret^tions of the additive 
salts as such, dnce the companion analyses of the periodic collections during the 
initial 3 -year period established the complete recovery of the input of the asso- 
dated Cl and SO 4 from the limestoned and dolomited soils, wherein maximal re- 
t^don of additive potasdum had occurred. Moreover, it was during this period 
that maximal enhancement of Ca and Mg outgo occurred. This phenomenon 
reflects the substandal build-up of added potasdum into potasdc complexes and 
the progressive diminution in the supplies of calcium and magnedum in the com¬ 
plexes formed by the added liming materials. The greater retention of K and 
the maxiinal outgo of Ca and Mg during the initial year is attributed to both the 
hydrolytic dissolution of the generated alkaline-earth complexes and the replace¬ 
ment of thdr Ca and Mg content by the added potasdum. 

The fact that dolomite was somewhat less potent than limestone in the reten¬ 
tion of potasdum from the several potasdc additions is integrated with the 
gimter mobility of the magnesium salts generated from the more readily hydro¬ 
lyzable magnedum complex^ derived from the incorporated dolomite. The de- 
compodtion of incorporated dolomite usually caused substantial enhancem^t in 
the magnedum content of the rainwater leacbings from soil of appreciable ex¬ 
changeable calcium content, without concomitant enrichment of calcium content. 

The graphs of figure 1 show the cumulative retentions of potassium by the 
Hartsdls soil, as the respective means of the separate values for the three potasdc 
salts, alone, with limestone, and with dolomite, in relation to absolute retention. 
The curve for the mean retention of the three salts by the unlimed Hartsells soil 
shows an approximate retention of 500 poimds of KaO from the 620.8-poimd 
input during the first 3 years. The curves emphasize the magnitude of the 
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K-ret^tion induced by the two limestones durii^ the initial 3-year period and 
show the persistence of their effect upon such retention. They show also that the 
retentions induced by the oiiginaUy equivalent quantities of the two limestones 
were of like extent during the first 6 years and that, thereafter, the greater reten¬ 
tion of K induced by the conserved supply of exchangeable calcium and the di- 
miniidied supply of exdiangeable magnesium derived from the incorporated 
dolomite was less than the K-retention induced by the larger residues of calcium 
from the incorporated limestone. 

At the conclusion of the experiment there were no carbonates residual from 
the limestone and dolomite incoiporations. Complete di^tegralion of the 
incorporations of the two t 3 pes of limestone undoubtedly had occurred before 
the second addition of the potassic salts. This conclusion is warranted by the 



findings of related investigations (6,10), by timilar unpubMied studies, and also 
by the determinations of every yearly outgo of caldum and magneaum throu^- 
out the present experiment. The definite effects that both types of limestone 
exerted upon retention of potassium continued, however, long after the decompo¬ 
sition of the limestones and, thmefore, were due chiefly to the hydrolj^ of the 
alkaline earth complexes that had been generated by the added calcium and 
magneaum, rather than to the direct dissolution of the limestones. 

Ctanberland sSt loam. In general, the foregoing observations as to the effects 
induced by the 2,094-pound 10-year input of KiO in the Hartsdls soil apply also 
to the ^ects induced by the same additions to the less addic Cumberland silt 
loam. The magnitude of K-retention by the Cumberland soil was, however, 
deddedly less than that by the HartseUs soil. The mean of the nine overall 
retentions from the total KsO input of 2,094 pounds to this silt loam was 44.7 per 
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cent against a corresponding mean of 57 per cent for the nine overall retentions 
by the Hartsells fine sandy loam. 

Again, in every group, the least 10-year retention of potassium from the 2,094- 
pound K 2 O additions was that from the potassium sulfate. The mean retention 
of potassium from the six chloride and nitrate treatments was 58.7 per cent, 
whereas the mean from the three sulfate treatments was only 53.7 per cent. 
Attaioment of a near-balance between input and outgo of potassium for the 
Cumberland soil after 9 years was similar to such attainment for the Hartsells 
soH. 

The three lower curves of figure 2 were constructed by the use of combinations 
of the respective means for KCl, KNO3, and K2SO4. They show the cumulative 
retentions of K 2 O from the 2,094-pound 10-year input to Cumberland silt loam. 



with and without liming, in relation to complete retention. The greater reten¬ 
tions by the limestoned and dolomited soils are obvious. As in the Hartsells soil, 
limestone and dolomite varied in repression of potassium outgo only after 6 years, 
and the overall retention induced by' the limestone was somewhat greater tha.^ 
that induced by the dolomite. 

Companion applications of potassium sulfate totaling 6,691 pounds of K 2 O 
were made to Cumberland silt loam at the mean rate of 836.4 pounds per annum, 
alone, and with limestone and with dolomite only. Since the recovery of potas¬ 
sium during the seventh year had been found to approximate the annual input, 
the fourfold treatments were discontinued after the ei^th annual additions, 
which were made before the composited leachings of the seventh year had been 
analyzed. 

Mean annual retentions of 535 pounds and 531 pounds of K 2 O from the several 
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fourfold additions of potassium sulfate took place during the first and second 
years. This was equivalent to 38 per cent of tiie mean of the overall retentions 
from the annual additions during the first 8 years of the 10-year period. Con¬ 
siderable actual and percentage recoveries of K 2 O from the heavy additions of 
K 2 SO 4 occurred even during the first year, whereas fdmilar proportionate recov¬ 
eries from the several 209.4-pound annual additions of the three potassic salts, 
particularly those made to limed soils, did not come imtil the fourth year. The 
10 -year retentions from the 8 -year input of 6,691 poimds of K 2 O as the sulfate, 
alone, with limestone, and with dolomite were 1.8,1.6, and 1.5 times the respec¬ 
tively corresponding retentions from the input of 2,094 pounds of K 2 O through 
10 annual additions. The mean retention of K2O from all of the fourfold K2SO4 
applications during the first 8 years of the 10-year period was 140 pounds, whereas 
the mean annual retention from the 10 annual sulfate additions of K 2 O at the 
209.4-pound rate was 86 pounds. 

The cumulative retentions of K 2 O from the fourfold sulfate additions are 
graphed against absolute retention in figure 2. The curves for the limestoned 
and dolomited soils show an overall similarity as to the efitect of limingupon reten¬ 
tion of the added potassium. The effect of the caldc limestone, however, was 
the more pronounced after the second year. Since the outgo of K 2 O durii^ the 
ninth and tenth years constituted a draft upon the 8 -year accumulations, the 
overall retentions for the 10 -year period was less than the 8 -year retentions for 
both imlimed and limed soils. 

The mean of the K 2 O totals leached from the 6,691-pound applications was 4.6 
times the mean for the totals leached from the 2,094rpound E 2 O input. The 
percentage recoveries from the fourfold potassium sulfate additions to the un¬ 
limed, limestoned, and dolomited soils were 82, 76, and 79, respectively, for the 
10 -year period, and the applied sulfate passed throu^ the soil chiefly in that 
form. This was evident from the determined outgo of Ca and Mg from the sup¬ 
plies native to the soil and that derived from the limestone and dolomite incor¬ 
porates. As noted, the ei^th annual additions of potassium sulfate at the four¬ 
fold rate were made before the outgo of potassium for the seventh annual period 
had been determined. Each build-up of E-complexes that occurred during those 
7 years, supplemented by the eighth application, therefore, was subjected to a 
3-year period of leachii^ after the soil had ceased to retain additive potassium. 
During the last 2 years, wherein no potassium sulfate was added, the potassium 
leachings from the several accumulations from the eight previous applications 
at the fourfold rate were substantially identical for the acidic soil, that limestoned, 
and that dolomited. The amounts of E 2 O then leached per annum, however, 
were only about a third of those leached annually during the 3 - 8 -year iieiiod. 
Nevertheless, the outgo of E 2 O from the 6,691-pound addition to the unlimed 
Cumberland alt loam was 3.8 times the outgo from the 2,094-pound addition, 
a^hou^ the full input by the a^t heavy additions was only 3.2 times the 
2.094-pound input throu^ the 10 annual additions. 

Althou^ the companion determinations of annual oulgo of calcium and mag¬ 
nesium are not reported, it should be noted that the rdeases of the potassium 
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from stores that had been accumulated from the e^t annual additions induced 
substantial repressions in the outgo of calciiun and magnesium from both native 
and acquired supplies of those two elements. During the last 2 years the annual 
leachings of calcium and Tnfl, gneaiiiTn, concomitant with the outgo of potassium 
from the previous heavy input of K 2 S 04 , were only a third as much as the annual 
leachings of those two elements from the continued 209.4-pound mean annual 
input of KgO, alone, with limestone, and with dolomite. Furthermore, the mean 
of those concomitant leachings of calcium and magnesium amomted to only 43 
per cent of the calcium and magnesium leached from the unireated soil. Thus, 
after the additions of K ^04 at the fourfold rate had been discontinued on the 
unlimed Cumberland soil, on that limestoned, and on that dolomited, when those 
soils had ceased to retain additive potassium, the accumulated K-complexes 
registered a decided increase in K-hyd:olysis. This K-hydrolyas repressed and 
far exceeded the hydrolysis of the calcic and magnesic complexes, those native to 
the soil, and also those resultant from the incorporated limestone and dolomite. 
In contrast, the ninth and tenth applications of KsS 04 at the lighter rate resulted 
in a continued enhancement in the outgo of calcium and magnesium far beyond 
the outgo of those two elements from the untreated soil and in keeping with the 
enhancements induced by the lifter additions of K 2 SO 4 during the fourth to 
ei^th annual periods. This reversal, however, did not offset the earlier in¬ 
creases in retention that had been induced by the two liming materials. The 
terminus of the retention curve for dolomite is well above the terminus of the 
curve for the unlimed soil and the terminus of the curve for limestone is still 
hitler. As in the previous comparisons, in time the limestone was more effective 
than dolomite in cauring retention of additive potassium. 

Calhoun sUt loam. Althou^ its inherent reaction is mildly alkaline because 
of its 0.132 per cent CaCOs content, this soil is not calcareous, in the us ua l con¬ 
notation of that term. Its meager content of exchai^eable potassium was re¬ 
flected by the fact that the mean of the losses of potassium from the untreated 
controls was less than a third of the losses of potassium from the one of untreated 
acidic soils, and less than one half of that from the other. 

The retention of the additive potassium by the naturally alkaline soil was 
virtually a constant for the three anion combinations. The most pronounced 
retention occurred during the first 3 years, after which there was a decided dim¬ 
inution in the amount retained from every annual addition. The cumulative 
retentions are graphed to absolute retention in figure 3. The curves for the 
effects of limestone and dolomite are almost identical. The mean of the 10-year 
retentions of K*0 by the unlimed Calhoun soil was 907 pounds, or 43 per cent of 
the total input. This retention was intermediate between the ov^all retentions 
of 1,001 poimds and 787 poimds by the Hartsells and Cumberland soils, respec¬ 
tively. 

^nce this silt loam contained no measurable quantity of exchangeable hydro- 
gm, the moderate incorporations of limestone and of dolomite did not alter its 
reaction appreciably. Moreover, the pH ■^ralue8 and the carbonate anal 3 rses of 
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table 1 confimi the previous firnting s (14) that no-treatment controls of the Cal¬ 
houn soil did not become acidic as the result of 10 years of rain-water leaching. 
In contrast to the marked effect induced by limestone and by dolomite on the 
two ioiiiaJly acidic soils, the effect of these two limings upon potassium retention 
by the initially fl.nra.liTiA Calhoun soil was virtually nil durii^ the first 3 years and 
only slight for the 10 -year period. 

The sli ght ly fl.nra.linft finlhoiiTi silt loam likewise re^tered ma,Yinial retention 
of additive potassium during the initial 3 -year period and near-saturation there¬ 
with during the tenth year. Its overall K-retention was not affected appreciably, 
however, by either anion combination or type of incorporated limestone. The 
mean of the retentions of K by the unlimed Calhoun soil of rdatively hi^ ex- 



A^g.ngftfl.blft Ca content exceeded that exerted by the acidic Cumberland loam, 
but was less than that exerted by the stron^y acidic Hartsells soil. 

Keteations of K from the equivalent additions of the three potassic salts invari¬ 
ably induced exchan^ reaiCtions and increased outgo of calcnum and magnesium 
until the tenth year. 

The potentiality of the additive potassium to effect replacement of calcium and 
TTnagnAshi-m did uot overcome the effect of the sin^e moderate incorporation of 
lin>Aatnnft to increase retention of potassium or to repress the outgo of magnetium 
from supplies native to the soil. 

The effects of a 2,094-pound input of K 2 O to Cumberland silt loam through 10 
an-minl applications of K 2 SO 4 were int^rated with the effects induced by an input 
of 6,691 pounds throu gh ei^t fl-nnual applications of the sulfate. The mean of 
the total retentions in the nine Cumberland soil umts that rec^ved KgO at the 
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lesser rate was 934 pounds; the corresponding mean for the three applications at 
the fourfold rate was 1,396 pounds. The mean effect of limestone and dolomite 
was a 271-pound increase in the total retention of K 2 O from the 2,094-pound 
input and a 291-pound increase in the total retention from the 6,691-pound input. 
As long as the fourfold annual additions of potassimn sulfate were made to the 
Cumberland soil—unlimed, limestoned, and dolomited—there was an increase 
in the outgo of Ca and Mg. After the additions were discontinued, however, the 
hydrolysis of the built-up supply of K-complexes repressed the hydrolysis and 
outgo of the Ca and Mg from the complexes derived from the limestone and the 
dolomite to the unprecedented levd of less than half of the Ca -1- Mg outgo from 
the unseated soil. 


SUMMABT 

Three typical Tennessee soils—an acidic Eartsells fine sandy loam, an acidic 
Cumberland sUt loam, and a sli^tly alkaline Calhoun silt loam—each unlimed, 
limestoned, and dolomited, were used in a 10-year lysimeter study of the influ¬ 
ence of anion combination upon K-retention from annual surface applications of 
dissolved chloride, nitrate, and sulfate. Total input of KzO by each potassic 
salt was 2,904 pounds. The dn^e incorporations of lOO-mesh limestone and of 
dolomite were made full depth at the per-acre rate of 1 ton of CaO, or 3,570 
poimds of CaCOj, immediately before the initial applications of the three potassic 
salts. 

The 1,152 determinations of the potassium content of 49 collections of rain¬ 
water leachings were utilized to compute the respective differences between the 
amounts of KxO added and those retained durii^ a 10-year period. 

The maximal annual retention of potassium from the mean annual input of 
209.4 pounds of K 2 O by any potassic salt was 97.3 per cent. The largest per¬ 
centage retentions occurred in aU soils during the initial 3-year period. In 12 of 
27 units, the retention of potassium from the 209.4 mean annual input of K 2 O was 
virtually nil during the tenth year. 

Percentage retention 'of K by the acidic Hartsells fine sandy loam, and also 
that by Cumberland silt loam, were virtually id^tical for the applications of 
chloride and nitrate, but invariably were less for the sulfate applicatioirs. The 
K-retentions from the three salts applied to these two soils were increased by 
both limestone and dolomite, the effect of the limestone bdng the more pro¬ 
nounced. The respective means for 10-year ret^tions of KjO by the two rm- 
limed, the two dolomited, and the two limestoned soils were 42, 54, and 57 per 
cent, respectively, for the common 2,094-pormd input. 

Additional overall effects from the 6,691-pound input of K 2 O were (a) no in¬ 
crease in the outgo of calcium derived from the limestone or from the dolomite, 
(b) small decreases in the outgo of magnesium from the limestoned soil ftT>d from 
the magnesium supplied by the dolomite, (c) substantial percent^ increase in 
the Ca -f Mg from the unlimed soil, and (d) decreases in the Ca -f derivative 
from the limestone and from the dolomite. 
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CONCLUSIONS 

The retention of potassium to be expected from surface applications of K2SO4 
to the Hartsells and Cumberland soils would be significantly less than for equiva¬ 
lent quantities of the chloride and the nitrate. Ihe larger the addition of potas¬ 
sium salt, the greater will be the total losses of K and those leached in the form 
applied. Eetentions by the alkaline Calhoun soil would be virtually identical 
for the three salts and not affected appreciably by either limestone or dolomite. 

Since the potassium retentions from the 209.4-pound annual applications of 
the three potassium salts to the three soils were (a) invariably greater although 
not absolute during the initial 3-year period and the subsequent retentions were 
decreased substantially, and (6) about 80 per cent of the initial application of 800 
pounds of K 2 O was lost, it appears that a rapid build-up of K-complexes by heavy 
additions of potassic salts to these soils would not be either feasible or economic. 

Since continued applications of potassic salts deplete the calcium and magne¬ 
sium content of acichc soils, it is obvious that this depletion should be offset by 
adequate liming. Conversely, however, incorporations of limestone and of 
dolomite tend to decrease the solubility of both native and additive potassium 
within the zone of their incorporaiion and thus affect the supply of nutritional 
potassium. This reciprocal relationship should be recognized to assure a proper 
balance of Ca, Mg, and K in a rational liming and fertilizer program. 
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THE TREND OF PHOSPHATE ADSORPTION BY INORGANIC 
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That soils “fix” or retain applied soluble phosphate in more or less difficultly 
available forms has long been known. Because of the overlapping effect of the 
many forces involved in this process, however, it is difficult to evaluate each 
one properly and independently in a S 3 rstem as complex as the soil. As pointed 
out by Murphy (16) “the term phosphate fixation carries no implication of the 
mechanism by which removal takes place or of the nature of the products 
formed.” 

The extensive literature on phosphate fixation indicates two general types 
of reactions, i.e., fixation by precipitation and by adsorption. Precipitation 
of phosphates by Ca, chiefly as the tricalcium salt, occurs in soils when 
the reaction exceeds pH 6.0 (4, 8, 19, 21). The formation of high-calcium 
salts such as carbonato-apatite [3 Ca 3 (P 04 ) 2 -CaC 03 ] and hydroxy-apatite 
[3 Ca3(P04)2-Ca(0H)2], as reported by McGeorge et at. (11), is regarded as a 
contributing factor to low phosphate availability in calcareous alkaline soils. 

The early literature is rich in references to the precipitation of phosphates by 
Fe and A1 ions in acid soils with the implication that these ions are largely re¬ 
sponsible for fixation. Except in strongly acid soils, the quantity of ionic Fe 
and A1 is probably too low to account for any considerable precipitation of phos¬ 
phate (15). The more recent work of Ford (7), Heck (9) and Dean (6) has 
focused attention on the adsorption of phosphate anions by hydrated oxides 
(hydrogels) of iron, and to some extent of aluminum. Heck (9) suggested the 
adsorption of phosphate by the mineral goethite according to the following reac¬ 
tion: Fe 203 -H 20 + H3PO4 = Fe2(0H)3P04 (dufrenite) + H 2 O. Because 
artificially prepared Fe and A1 hydrogels have been shown to adsorb phosphate 
anions tenaciously (10, 21), the natural soil hydrogels of these elements are 
considered to be more important in rendering phosphates unavailable by adsorp¬ 
tion than are the ions of Fe and A1 by precipitation. 

Within the last decade the role of aluminosilicate colloids (clay minerals) in 
rendering phosphates insoluble has received considerable attention. Scarseth 

^ Part of a thesis submitted in partial fulfillment of the requirements for the degree of 
doctor of philosophy in the Umversity of Illinois. Contribution from the department of 
agronomy, Agricultural Experiment Station, Univeraty of Illinois. Published with the 
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(17) found that montmoriUonite adsorbed phosphate anions in significant quanti¬ 
ties mthin the pH range of 6.0 to 7.0 with a maximum adsorption at pH 6.0. 
Stout (18) observed that kaolinite and halloysite adsorbed exceedingly large 
amounts of phosphate at pH 3.0 to 4.0 with a progressive decrease in this prop¬ 
erty with increase in pH. Scarseth (17) and also Ravikovitch (16) have reported 
the retention of phosphate by exchangeable Ca by a phenomenon subsequently 
referred to by Mattson and Karlsson (13) as “saJoid-bound.” 

The study reported herein was undertaken to obtain detailed information on 
the trend of phosphate adsorption over a wide range of pH by the inorganic 
colloids in certain Indiana soils of varymg maturity. Attention was also given, 
for studies of this nature, to the merits of the practice of removal of free iron 
oxide from soil colloids, a practice for which Toth (20) has suggested the term 
“defeiration.” The details on this phase of the present study are reported in a 
previous paper (1). 


IiiaTBBIALS AND UBTHODS 
Sdection and description of soils 

The inorganic colloids used in this study were obtained from the upper section 
of the Bs horizon of three extensively developed soil types in Indiana—^Miami, 
Cincinnati, and Frederick silt loams—^which represent widdy divergent soil con¬ 
ditions as to ori^ and composition. Material from this horizon, rather than 
surface material, was selected in order to provide a colloid fraction relatively 
free £rom hmnus. 

Miami and Cincinnati silt loams are representative of soils having a common 
origin but differing in age or in stage of maturity. Both are devdoped from 
calcareous ^dal till, the former of Late T^consin age (leached 40 inches) 
and the latter of Illinoian age (leached 12 feet). Frederick silt loam is residual 
from cherty limestone and is the oldest soil in this group. It is extendvdy de¬ 
veloped in the limestone region in southern Indiana. All of these soils are li^t- 
colored and they occin: on moderatdy doping land having good external and 
internal drainage. A brief description of the B horizon of each follows:* 

Miami siU loam—B horizon (14-30 inches), li^t reddish-brown plastic heavy silty 
day loam having a well-defined medium-nut angular structure. A few hard pebbles were 
present. Strondy acid in reaction. (Sampled in a road cut 2 miles northwest of Lafayette, 
Tippecanoe County, Indiana.) 

Cincinnati aiU loam—B horizon (18-32 inches), light ydlowish brown, medium plastic, 
dlty day loam which breaks naturally into lumps 1 to 2 inches in diameter having good 
ai^ularity. No pebbles occur in this horizon. Strongly add in reaction. (Sampled 
on Koute 43 in a road cut 7 miles south of Gremrcastle, Putnam County, Indiana.) 

Frederick siU loam—B horizon (18-^6 inches). Ydlowish-brown dlty clay loam with 
brown coatu^ on the partide surface. The material breaks up into large angler particles 
1 to 2 inches in diameter. Some chert fragments present. Stront^ add in reaction. 
(Sampled in a road cut 8 miles south of Salem, Washington County, Indiana.) 


* For a complete description of these soils, see Indiana Soil Survey Reports for Miami, 
Putnam, and Washington Counties, req>ectivdy. 
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Preparation of coUoids 

In order to facilitate the separation of the inoi^anic colloid, a series of 100-gm. 
portions of the soil material were leached on 4-inch Buchner funnels with N NaQ 
until Na-saturated. After the excess electrolyte was removed by washing wiUi 
distilled water, the Na-saturated material (about 1,000 gm.) was suspended by 
aid of a Bouyoucos deflocculator and poured into 5-gallon bottles for sedimaita- 
tion. After settiin^ for 4 days the top 28 cm. of suspension was siphoned off 
into another bottle of similar size. Special precaution was taken to prevent 
upward movement of particles larger than 1 n from below the 28-cm. mark. 
This was accomplished by progressively moving the siphoning pipette downwaod 
just in advance of the lowering liquid surface as the suspmasion was withdrawn. 
More water was added to the residue of the original sample, after which it was 
tboroi^bly agitated and the sedimentation process repeated at least twice, or 
until most of the colloid was recovered. Ibis process removed a colloidal day 
fraclion having partides well under 1 /t in effective diameter, subsequently re¬ 
ferred to as colloid. 

The colloidal suspensions from each soil were concentrated by use of clay 
filter candles and suction and were dectrodialyzed to remove afi mobile ions. 

Phosphate adsorption tedmique 

The reaction is a governing factor in the retention of phosphate and certain 
other anions by soil ooUoids (12, 17). It is important, therefore, that the pH 
be accuratdy known for each independent colloid-phosphate e 3 ^stem at equilib- 
riiun, on which the phosphate adsorbed is to be determined. If the procedure 
allows a shift in the reaction of the system during sampling, the colloid-phosphate 
equilibrium is upset and the analysis fails to reflect the true magnitude of ad¬ 
sorption. Some investigators dealing with phosphate fixation problems ap¬ 
parently have not taken this fact fully into account. During the preset inves¬ 
tigation the technic followed was ^sentially that described by Scarseth (17), 
which is dedgned to provide extracts for analysis by means of the centrifuge 
without disturbance of the equilibrium pH of the system being sampled. 

The electrodialyzed Miami, Cinciimati, and Frederick colloids were diluted 
to contain exactly 2 gm. of material in 100 ml. of suspension. Fifty-milliliter 
portions of these suspensions were pipetted into each of a series of ten 250-ml. 
Erlenmeyer flasks, gi.ving 1 gm. of colloid per flask. To each flask in Hie series 
distilled water and standard 0.1 N NaOH, or 0.042 N Ca(OH) 2 , were added in 
the order indicated, the amount of base being varied from flask to flask to provide 
different pH values over the rai^ of 3.0 to 8.0. In all cases the sum of the 
water and base added to the colloidal suspensions equalled exactly 45 ml. This 
was followed after 1 hour by a final addition of 5 ml. of a standard solution con¬ 
taining 29.4 mgm. of HsP 04 . These several additions resulted in a final volume 
of exactly 100 ml. containing HsPOt at the rate of 30 mfllimoles per 100 gm. of 
colloid. All additions of base and acid to the colloid were made while the latter 
was in v^rous motion. In order to supply 15- and 5-millimole concentrations 
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of HjP 04 per 100 gm. of colloid the standard solution was diluted, 1 + 1 and 
1 + 5, respectively, and used as previously indicated. 

The flasks in the series for each adsorptiou experiment were kept at approxi¬ 
mately 24r-26“ C. and shaken with a vigorous rotational motion three times daily 
for 5 days. Clear extracts of the colloid suspensions were obtained for analysis 
by pipetting 25 ml. into centrifuge tubes and adding 25 ml. of a 0.5 N phosphate- 
free NaCl solution, followed by centrifuging in an angle-head (Sorvall) centrifuge. 
Inunediately after withdrawal of aliquots for centrifuging, the pH of each sus¬ 
pension in the series was determined with a Beckman pH electrometer. 

Methods of eherndcdl analyses 

The anal 3 ^es of the colloids were made by ofiicial methods (2) and are reported 
in table 1. This table also includes the data for free iron oxides removed from 
the coUoids by the biolo^cal deferration procedure of Allison and Scarseth (1), 

TABLE 1 


Chemical data for Miami, Cincinnati, and FrederiiA coUoids 


COLLOID 

SiOs 

AlsOs 

FesOs 

PiOi 

LOSS 

OH 

IGNI- 

TIOH 

SiOt 

RsO) 

MOLAK 

XATIO 

BASE 

EXCHANGE 

CAPACCTY 

F2EE FesOs 
bemoved* 

Miami. 


percetU 

21.58 

24.76 

26.43 

B 

percent 

0.12 

0.13 

0.09 


3.12 

2.57 

2.32 

m,e,ll00 

gm. 

64.0 

45.6 

35.0 

gm* 

2.51 

4.45 

4.93 

percent 

23.8 

36.8 
47.4 

Cincinnati. 

Frederick. 



* Bemoved by biolo^cal redaction (1) and expressed as percentage of total FetOi present 
before reduction, indicated in column 4 of this table. 


and also for base-exchange capacity as determined by the titration procedure of 
Bradfield and Allison (5). 

The extracts from the adsorption experiments were analyzed for phosphorus 
by the colorinoetric method of Benedict and Theis (3). The amount of HjP04 
adsorbed by the colloids was determined by subtracting the amount of phosphate 
remaining in solution, as determined by analysis, from the total amount originally 
added. 


BEStlI.TS AND DISCUSSION 

The analytical data in table 1 confirm the author’s previous suggestion in re- 
^rd to the rdative maturity of the soils from which the colloids were isolated. 
This rdationship is best illustrated by the SiOj/EjOt ratios and the base-exchange 
capadty values, which are highest for the Miami, representing the youngest stage 
of maturity, and low^t for the Frederidc, the most mature member of this group. 
Further evidence of this relationship is su^ested by the deferration data. By 
this treatment the Miami, Cincinnati, and Frederick colloids yielded 23.8, 36.8 
and 47.4 per cent respectively, of the total FeiOs present. It is a well-known fact 
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that old weathered soils are richer ia accumulated products of weathering, espe¬ 
cially FcgOs, than are youthful soils, and for this reason they would be expected 
to yield more soluble iron when reduced. 

Trends in phosphate adsorption by soil colloids 

The data for the several adsorption experiments conducted in this invest^a- 
tion are expressed graphically in the form of curves, in ^ure 1. In the order 
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Fio. 1. Phosphate Adsohftion by Eusctbodialtzbd Miaui, Cincihhati, aho Fbedebice 
CouuxiDB Each in the Pbesencb or Three Concentratcons or HtPOt, viz.: 

30,15, AND 5 Milukohes pbb 100 gm. or Colloid, with Adjustments in 
pH Over the Range 3.0 to 8.0 by Addition or Either NaOH 
(Na Sbribb) or Ca(OH)i (Ca Series) 

The shaded area between pH 4.0 and 6.0 for the associated calcium and sodium adsorption 
curves indicates the effect of exchangeable calcium in retaimng phosphate anions. 

mentioned they represent the trend of phosphate adsorption by electrodial 3 rzed 
Miami, Cincinnati, and Frederick colloids, each in the presence of the three con¬ 
centrations of H 3 PO 4 , with adjustments in pH over the range 3.0 to 8.0 by addi¬ 
tions of dther NaOH or Ca(OH) 2 . The phosphate additions made at the rates of 
30,15 and 5 millimoles of the add per 100 gm. of colloid are hereafter referred to 
as high, medium, and low phosphate levels, respectively. 

Sodium series. 'With Na'*' as the exchai^eable cation the curves of phosphate 
adsorption present a characteristic maximum and minimum diect. This is 
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especiaQy true for the Miami colloid, where it is most evident at the medium and 
high phosphate levds and hardy detectable at the low levd. The corresponding 
curves for the Cincinnati and Frederick colloids are somewhat similar to those for 
the Miami colloid. In general, the first adsorption peak occurs in the pH range 
of 3.0 to 3.5. Within this pH range and for the high phosphate level the Miami, 
Cindnnati, and Frederick colloids adsorbed 11.3, 14.6, and 11.7 millimoles of 
phosphate, respectively. With a decrease in acidity to pH 4.5 a sharp drop in 
adsorption is noted. The high phosphate retention in the very low pH range of 
3.0 to 3.5 stron^y indicates adsorption by hydrous Fe and A1 otides (9,15), espe¬ 
cially the former, since its activity in soils has been shown to be much greater 
than that of A1 (7,8,14). As su^ested by the trend of the adsorption curves, it 
is aignifi<»n.Tit , that whatever agency is active at low pH in these coUoidal systems, 
it becomes less effective in immobilizing phosphate anions as the pH is shifted 
toward neutrality. 

All the curves of phosphate adsorption in the sodium series for the three col¬ 
loids under study reveal that at approximately pH 4.5 the curves abruptly change 
direction from a strong downward slope to an equally strong upward slope. It is 
significant that from the lowest point at pH 4.5 the phosphate adsorption rapidly 
rises to a second high peak at about pH 6.0. This second adsorption maximuTn 
is probably due to aluminosilicate clay minerals present in the colloids which 
apparently adsorb phosphate by anion exchange similar to that reported by 
Scarseth (17) for the aluminosilicate in bentonite. Thus the low point of adsorp¬ 
tion at pH 4.0 to 5.0, between the two maxima at pH 3.0 and pH 6.0 respectively, 
appears to be a zone in which the effect of two independent agencies responsible 
for phosphate adsorption overlap, but neither is very effective. A noticeable 
decrease in retention of phosphate occurs above pH 6.0 because of the competition 
afforded by hydroxyl ions for the exchange positions, a competition which be¬ 
comes more acute with increased alkalinity. The phosphate anions present 
remain in solution because of the solubility of sodium phosphate. 

The data presented in these curves indicate that two independent agencies are 
responsible for adsorption of phosphate in soil colloidal ^sterns dominated by a 
monovaleat cation such as Na*^, but more important than this is the factt hat 
within the reaction range of most arable (podzolic) soils, pH 5.0 to 7.0, the 
“bentonitic” type of adsorption (17) appears to play an important role in the 
process. Althou^ soil colloids dominated by Na ions do not simulate soil con¬ 
ditions, studies made with them aid greatly in obtaining a clearer conception of 
the factors responsible for phosphate adsorption in the absence of divalent ca¬ 
tions such as Ca++ and Mg++ which, as will be shown, influence the adsorption. 

It is important to note that at the peak of adsorption at approximately pH 6.0 
and in the presence of Na ions the Miami colloid adsorbed 12.6, 9.0, and 5.0 
millimoles of the phosphate from solutions containing 30,15, and 5 millimoles of 
HftP04, respectivdy. In other words, where the quantity of phosphate was small 
its adsorption was complete, a fact which aids in explaining the known h^ 
adsorbing powers of the Miami soils for small applications of soluble phoEphate 
fertilizers. In comparison the Cincinnati colloid adsorbed 10.8, 7.7, and 2.2, 



PHOSPHATE ADSOBPnON BT COtLOIDS 


339 


and the Frederick coUoid, 8.6, 65, and 3.7 millimoles of phosphate, respectively. 
The reason for the low a^rption of 2.2 millimoles for the Cindnnati colloid is 
not clear. It appears from these data that the alumino^cate colloid in the 
youthful Miami soil has a greater adsorption capacity for soluble phosphate than 
the more mature Cincinnati and Frederick colloids. 

Ca^um series. With Ca'tt as the exchangeable cation in the coUoidal systems, 
a situation which closely resembles soil conditions, the trend of adsorption over 
much of the reaction ran^e is unlike that in the artificial situation in which Na'*' 
was the cation. Comparison of the position and shape of the curves for the 
Ca series with those for the Na series, for any one of the three colloids, shows that 
between pH 4.0 and 6.0 a new factor, which was not present in the correspondii^ 
Na series, also contributes to phosphate petition. In all cases the cun'es of the 
Ca series lie above those of the corresponding Na series, indicating a fairer reten¬ 
tion of phosphate, the increase in retention apparently due to the influ^ce of cal¬ 
cium. This phenomenon will be conridered later in this discussion. 

In contrast to sodium phosphate, calcium phosphates are insoluble at high pH 
values. It has been demonstrated that Ca initiates precipitation of phosphates 
from solutions sli^tly above pH 6.0 and that maximum precipitation occurs near 
pH 7.5 (4). When the amount of phosphate in the coUoid suspensions was me¬ 
dium to hi^ the upward slope of the retention curves in the Ca series changes 
abruptly near neutrality to almost vertical, indicating direct precipitation of the 
phosphate as the Ca salt. When the phosphate concentration was low the 
change was less abrupt but otherwise simjlar. It is to be noted that where the 
amount of soluble phosphate was low, fixation in the presence of Ca was complete 
for the Miami colloid within the pH range of 5.0 to 6.0 but that when the phos¬ 
phate addition was medium or hi^ in amount it was not completely fixed within 
this reaction range. In contrast, the Cincinnati and Frederick colloids failed to 
fix all of the phosphate added, even at the low level. Here again, as in the Na 
series, the Cindnnati colloid exhibited anomalous behavior in adsorbing much 
less phosphate at pH 6.0 from the low level than the more hi^y weathered 
Frederick colloid for reasons that are unknown. 

The phosphate adsorption capadty at pH 5.8 to 6.2 of the colloids used in this 
investigation (Na series) was in the order Miami > Cincinnati > Frederick. 
Since this is the reverse order of maturity of the soils from which these colloids 
were obtained, it su^ests that weathering dowly deteriorates the phosphate- 
fixing ability of aluminosilicates, which are mainly responsible for adsorption of 
phosphate anions within the medium add to nearly neutral range of pH 5.5 to 6.5. 

Jr^uence of excJumgedble ealciwm in phosphate rdenMon 

The influence of exdbangeable Ca on the colloid complex m rendering phos¬ 
phate insoluble has been recognized (13,16,17). However, its effect in holding 
appreciable amounts of phosphorus in a readily accessible form for plant use in 
add soils has seemm^y not been adequately emphasized in the literature. 
Mattson and Earlsson (13) regard phosphate so held as “saloid-bound” to dis¬ 
tinguish it from phosphate held by anion exdiange for silicate or hydroxyl ions. 
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The Ca ion shares its two valences between the micdle and the monovalmt 
H 2 P 0 r anion. 

The phosphate adsorption data herein contained offers not only considerable 
evidence of the ma^tude of phosphate retention by Ca ions, but also some indi¬ 
cation of the reaction range over which this phenomenon obtains. For conveni¬ 
ence of analysis the curves of phosphate adsorption for the Ca series have been 
superimposed upon the correspon(ffng curves for the Na series for each of the 
three coUoids. In all eases the Ca curves lie above the corresponding Na curves 
be^nning at approximately pH 4.0 and at all pH values above this point. Since 
phosphorus is predpitated as the Ca salt in soils, beguming at pH 6.0 (4,19), 
attention is directed only to the reaction range of pH 4.0 to 6.0. Insofar as ap¬ 
plication of these data to agricultural soils is important, the range of 5.0 to 6.0 is 
probably of greatest concern in phosphate availability. 

Considering the divergence between the Ca and Na curves as a measure of the 
effect of exdiangeable Ca in retaining phosphate, it is apparent that this effect 
is exhibited rather uniformly over the pH rai^ 4.5 to 5.5 at all phosphate 
concentrations and that it attains a maximum at a pH of approximately 5.0. 
Using pH 5.0 as a basis for comparison, the retention of phosphate by exchange¬ 
able Ca in the presence of low, medium, and hi^ pho^hate levds for the Miami 
colloid are 0.5,1.7, and 2.8 millimoles per 100 gm. of colloid, respectively. The 
corresponding values for the Cincinnati are 2.2, 3.1, and 2.0 miUimoles, and for 
the Frederick, 1.5,4.0, and 2.3 millimoles of phosphate. It is interesting to note 
that whereas the more hi^y weathered Cmdnnati and Frederick colloids re¬ 
tained somewhat less anion-exchange phosphate by aluminosilicate adsorption 
than the less highly weathered Miami colloid (adsorption at pH 6.0 for Na series) 
they exhibit a contiderably higher retention of phosphorus by exchangeable Ca. 

il^vikovitch (16) has indicated that phosphorus so held is hi^y unstable and 
is easily released into the soil solution either by attack of weak acids or as a result 
of hydrolysis of the Ca from the complex. In view of this fact and of the impli¬ 
cation of the data presented, exchangeable Ca is probably an important factor in 
add soils in retaining an appreciable amount of phosphate in the most readily 
available of all of its fixed forms, i.e., in the HsPOr-Ca-micelle linkage. 

SUMMARY 

A study was made of the phosphate adsorption behavior of inorganic colloids 
from the B 2 horizon of Miami, Cincinnati, and Frederick silt loams. These soils 
are podzolic in character and represent stages from youthful to advanced ma¬ 
turity ill the order mentioned. The colloids were isolated by sedimentation and 
were dectrodialyzed to remove all mobile ions. Phosphate adsorption experi¬ 
ments were conducted by a dight modification of the technique described by 
Scarseth (17), a technique espedally designed for effective pH control in studies 
of this nature. The results of this investigation may be summarized as follows: 

The curves of phosphate adsorption for the Miami, Cindnnati, and Frederick collmds 
over the pH range 3.0 to 8.0 exhibit characteristic peaks and depresrions. The first peak 
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of adsorption occurs at pH 3.0 to 3.5 and is believed to be due mainly to the hydrated forms 
of iron. 

A second agency, most active over the pH range 6.6 to 6.5, accounts for a second adsorp¬ 
tion peak at approximately pH 6.0. The adsorption at this reaction is imdoubtedly due 
to aluminosilicate clay minerals by anion exchange similar to that obtained by Scarseth 
for montmorillonite, i.e., a “bentonitic*’ type of adsorption. 

Between the two adsorption maxima at pH 3.0 and 6.0, respectively, a much lower ad¬ 
sorption occurs at pH 4.6, apparently due in part to each of the aforementioned agencies. 

Within the reaction range of most arable (podzolic) soils, pH 6.0 to 7.0, the “bentonitic” 
type of phosphate adsorption (fixation) by anion exchange plays an important role. 

Although most of the phosphate in soils is adsorbed by the two agencies mentioned, 
exchangeable calcium is indicated as an important factor in retaining appreciable amounts 
of phosphate in acid soils in probably the most available of all of its fixed forms, i.e., in 
the H 2 P 07 -Ca-micelle linkage. Evidence of retention in this form over the pH range 
4.0 to 6.0, or higher, and of the extent of this type of retention, is presented. 
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Since 1931, soil surveys and laboratory investilgatioDS have been conducted by 
the National (^logical Survey of China tvith the support of the China Founda¬ 
tion for Education and Culture. As an out^wth of the accumulated works, 
a comprehensive book was prepared by Thorp (11) in 1936, in which detailed 
analyses of the soils are given. From 1936 to 1941, more information was ob¬ 
tained on tire chemical properties of the soils of China. The present report, 
which gives the chemical characteristics of the great soil groups, is an abstract 
firom the previous analytical works. A generalized soil map is included. This 
is reproduced, with some revitions in the western part, from the 1941 revision, 
by the Soils Division of the National Geolopcal Survey of China (7), of Thorp’s 
map compiled during the years 1933 to 1936. 

MOLSCUIiAn BATIOS OF THIS COLLOID FBaCnOKT OF ZONAL SOILB^ 

The desert soils and the very light chestnut soils of irmer Mongolia and western 
Eansu are characterized by hi^ silica-sesquioxide and silica-alumina ratios of 
2.7 to 3.3 and 3.3 to 4.5 respectively and by a uniformity of colloid composition 
throughout the whole profile. Chernozem soils occur chiefly in northern Man¬ 
churia and small strips and spots on the border between China proper andirmer 
Mongolia, and on the Tibetan borderlands chiefly in Tsir^hai Province and on 
the norther Szechwan Plateau. The colloids of chernozem have distinctivdy 
lower ratios than those of desert soils. The silica-sesquioxide ratio averages 
2.42; that of the substratum, 2.60. Shantui^ brown soils occur on the rolling 
hills or rough mountains of Shantung, western Hopeh, southern jAaoning, smaller 
areas in northwestern Honan and southern Shenri. Their 4Dica-sesquioxide 
ratio varies from 2.0 to 2.2 and thtir silica-alumina ratio from 2.5 to 2.9. Gray- 
brown podzolic soils are widespread, as indicated on the map, in the region just 
north of Yangtze River, on low hills and moimtains. In the parts of Eiangsu 
extending from Nanking to Soochow and to the Chekiang border, soils of this 
group are more common than the red earths. The silica-sesquioxide ratio of 
gray-brown soils ranges from 2.4 to 3.0, and the sOicarsIununa ratio £rom 3.1 to 
4.0. There has evidently been a downward movement of both iron oxide and 
alumina, and in consequence the subsoils usually have lower ratios. 

Because of the different d^rees of laterization, red earths in southern China 
eIxow a variation in rilica-sesquioxide ratio of soil colloid from 0.39 to 1.96. 
Those appearing on the map as old red earth are more hi^y laterized than is 

^ Soil chenust. 

* Earlier analytical work on the colloid fraction was published in the book by Thorp (11). 
Later, a more comprehensive treatment of the subject was given by Hseung (1). 
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podzolized red earth. T’uerkuan loamy clay of central Ymmaa gives lowest 
ratios, the sUica-sesquioxide ratio of its surface layer averaging 0.43 and that of 
the subsurface 0.76. Yellow earths are more or loss podzolized. They occur 
chiefly on Kweichow Plateau, in western Hunan, in western Kwangsi, and in the 
mountainous region of ^tem Szechwan. Strips of yellow earth have also been 
found on steep mountains of Jurassic sandstone in Szechwan Basin. The alu¬ 
mina and iron oxide show a similar degree of ti’anslocation from horizon A to 
horizon B. The sflica-sesquioxide ratio of the A horizon averages 2.28, whereas 
that of the B horizon falls to 2.00. 

Large areas of purple-brown soils occur in Szechwan Basin and in northern 
Yunnan. They have silica-sesquioxide ratios of 2.60 to 3.6. Since purple- 
brown soils are the new weathering products of purple sandstones and diales of 
Ci-etaceous and Tiiassic age, their profiles are usually thin, and the variations of 
molecular ratios in the profile are indistinct. 

South of Chingling and Hwai-ho, rice is planted extensively on all soils of 
suitable topography. In soils after long-continued rice cultivation, iron is 
mobilized under anaerobic conditions. Accumulations of iron are usually found 
in subsoils, often at depths of 20 to 35 cm. The silica-alumina ratio, on the 
other hand, rmams rdativdy constant in the whole profile. 

THE pH VALUE AND t.TMTB CONTENT* 

Gray and brown desert soils usually contain more than 10 per cent calcium car¬ 
bonate in the surface horizons. Degraded chernozems of central Manchuria have 
been completdy leached of their calcium carbonate. The soils are di^tly to mod¬ 
erately add. Similar noncalcareous soils of neutral to sli^tly alkaline reaction 
are foirnd in inner Mongolia, eastern Tsinghai, and northwestern Szechwan. The 
calcium carbonate content of the surface of dark chestnut soils ranges from 1 
to 3 per cent. Shantung brown soils are sli^tly acid to sli^tly alkaline, but 
usually aro nearly neutral. A few are sufficiently recaldfied to effervesce with 
dilute acid at the surface. Bed and yellow earths of southern China are dis¬ 
tinctly add, and generally have pH values of 4 to 5.8. Some derived from ba¬ 
salt found in ceutral Yunnan are about neutral. Further investigation has 

Tbe Soil Map 

The less important soil types in a given district can not be located exactly on the map. 
On the large-scale map, from which this is reproduced, they are designated by placing their 
legend niunbors below that of the major soil type. For example, podzolized red earth of 
central Hunan is derignated by the number 18 (podzolized red earth) over 20 (rice paddy soil). 
This indicates that scattered areas of rice paddy soil occur in this district. Yellow earth 
of northern Yunnan is munbered 19 over 22 and 14, showing that small areas of rendzina— 
22—and gray-brown podzolic soil—14—also occurred. 

Areas of Mongolia, Tibet, northern Manchuria, and Sinkiang Province, where informa¬ 
tion on the soil is limited, have been curtmled. 


' Early in 1935, a report by Lee (4) on the pH value and the lime content of the soils of 
China was publish. At that time, investigations in northwestern and western China were 
limited in extent. 
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shown that the acid properties of red earths, yellow earths, and gray-brown soils 
in south China are largely due to the unsaturation of the soil colloid. The 
acidity of these soils is therefore exchangeable rather than soluble (3). Saline 
soils of the delta region, Kiangsu, and various scattered places in north China 
have pH values of about 8 to 9.5. Except for the A horizon of incipient solonetz 
in Chahar Province, these soils are all strongly calcareous. Most of the calcium 
carbonate has been leached from the rendzina soils of Kwangsi, but in those 
from Kweichow and southeastern Szechwan, usually containing 1 to 3 per cent 
calcium carbonate, the lime can still be detected by applying dilute acid- Both 
the leached and the unleached rendzinas are about neutral. 

Extensive study of gray and brown desert soils collected from western Kansu 
in 1936—1938^, gave more complete information than that heretofore available 
on the lime content of the soils of this region. Such soils usually contain 10 to 
more than 25 per cent calcium carbonate. Together with the loessial deposits 
of Shensi and Shansi, they are the most calcareous soils of China.® In this con¬ 
nection, Thorp wrote, “The light chestnut colored soils of northwestern China 
are derived largely from a very calcareous loess, and the weathering has not been 
sufficient to leach out the lime.” In mountainous regions of the loessial plateau 
where loess influence is pronounced, chernozems, gray-brown podzolic soils, and 
other acid soils are found. 

The purple-brown soils of Szechwan Basin are, for the most part, calcareous. 
They may, however, be classified into three groups according to soil reaction; 
namely, calcareous (pH 7.5 to 8.5), neutral, (pH 6.5 to 7.8), and acid (pH 4 to 
6). The distribution of these groups is governed by their parent rocks, which 
are often interlain strictly in consonance with the geological structure. These 
soils can be indicated separately on a map only after detailed survey. The lime 
content of calcareous purple-brown soil is very irregular but is usually over 10 
per cent. White crusts often coat the surfaces of structural aggregates. The 
crusts are composed chiefly of calcium sulfate. 

Lime concretions are common in the subsoils and deep substrata in Honan, 
Shantung, Hopeh, and other places in north China. These, described as “Sa- 
jong” or “Shachiang,”® contain up to 85 per cent calcium carbonate. Concre¬ 
tionary layers have also been found in lower depths of the yellowish clayey soils 
of Szechwan,^ which contain up to 60 per cent calcium carbonate. 

EXCmLNOEABLE BASES 

Comparatively detail^ investigations of exchangeable bases were made on 
pedalfers or acid soils (2). Gray-brown podzolic soils, red earths, and ydlow 

* A part of the samples sent by Dr. C. Y. Tschau, director of the Geological Survey of 
Fukien Province, on his return from northwestern CMna in 1939. [See also Ma (6).] 

® There are some corrections in the map of lime distribution depicted by Thorp and Lee 
(11, p. 416). 

«Indicating lime concentrations of ginger root size. Shachiang soils were first de¬ 
scribed by Shaw (8) in 1931. 

’ In an earlier report on Chengtu clays, made by Thorp and Dye (9), these soils were 
described as Chengtu clay of possible loessial ongin. Later, YH (12) expressed a different 
opinion. 
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earths owe theii acid properties largely to unsaturation. In these soils, the ex¬ 
changeable hydrogen predominates in the total exchange capacity, ranging from 
55 to 80 per cent, and the exchangeable potassium and sodium are approximately 
equal to calcium and magnesium. The total exchange capacity of these soils 
is often less than 10 m.e. per 100 gm. Brown earths are nearly saturated, and 
calcium predominates in the exchangeable bases. Only in the young solonetz 
soil of Chahar Province are large quantities of exchangeable sodium (about 40 
per cent of the total exchange capacity) found. Neutral purple-brown soils are 
good agricultural soils. They contain 20 to 32 m.e. of total exchangeable bases 
per 100 gm., whereas acid purple-brown soils often contain less than 5 m.e. 

Exchangeable potassium, which is usually regarded as an important plant 
nutrient, is low in the red earth region of southern China. Exceptions are found, 
however, in the rice paddy soils occurring in the vallqs^ of Elangsi and Hunan 
where the nei^boring mountains are of granitic origin. Because of the pres¬ 
ence of potassium feldspar, exchangeable potasfflum is high and many of these 
soils are productive. Pedocals or calcareous soils in northern China are in¬ 
ferred to be rich in bases, but actual data are few. 

TITANIUM 

Small amounts of titanium are present in all soils. Pedocal soils in northern 
China usually contain about 0.5 per cent Ti02. Larger quantities, about 1 to 
3 per cent, have been found in the red earths of central Kiangsi, Hxman, and 
Yunnan. Red earths derived from basalt contain an exceedingly hi^ quantity 
of titanium. A t 3 rpical profile in the Kunming area, Yunnan, for instance, 
contains up to 6.15 per cent TiOi in the subsoil. 

MANGANESB 

like titanium, manganese is present in all soils in minute quantities, often less 
than 0.1 per cent. Contiderable amounts of manganese, however, have been 
found in the red earths of Kiangsi, Hunan, and Yunnan. On analysis of these 
samples, the ammoniacal predpitates of sesquioxides appear to have a dark 
purple tint, and subtraction of the we^t of Mns04 from the RgOj precipitate 
becomes necessary. 

Very large amounts of manganese are found only in concretions. Analyses of 
various concretionary materials from red earths of Kiangsi, Hunan, Hupeh, and 
Kwangsi diowed the usual contoit of MnO to be less than 1 per cent. Round 
black concretions m red earths from limestone of Liuchow, Kia ng si, contmn up 
to 21.62 per cent MnO, the hipest quantity of manganese ever found m soil 
materials in this country. Concretions and hardpans from paddy soils also 
contain hi^ perc^tages of manganese, usually about 1 per cent. Some, such 
as the iron hardpan of a paddy soil in Nanchang, Kianga, contain as much as 
5.58 per cent MnO. 

AVAILABLB PHOSPHORUS ANU PHOSPEU.TE) PEXATCON 

Available phosphorus is estimated colorimetrically from the dilute mineral 
acid extract.^ The content of this constituent is closely assodated with that 

* Results obtained by Truog’s method. 
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of lime. Soils of aorthem China are usually more or less calcareous and give 
high values of available phosphorus. Many red earths, yellow earths, and other 
podzolic soils give a negative test or lower values. Actually, we have found no 
lateritic soils or old yellow earths containing any considerable amount of dilute 
acid soluble phosphorus. The total phosphorus content of red earths, on the 
other hand, is not always low. Purple-brown soils, except those belonging to 
the very acid group, are generally rich ia available phosphorus. 

All soils, except the very sandy ones, precipitate phosphate from their solu¬ 
tions. The reaction is especially pronounced in highly lateiized red earths and 
in old yellow earths. Six milliequivalents of phosphate in 500 cc. of solution 
can be completely precipitated by 100 gm. of these soils, and most of the fixed 
phosphate is retained in soils i^ainst the leaching of dilute acid or dilute salt 
solution (5). 


FBBBOnS IBON IN PADDT SOILS 

Althou^ the quantitative determination of total ferrous iron in paddy soils 
seems to be impossible at present, semiquantitative determinations by Morgan’s 
colorimetric method have been carried out extensively in this laboratory. The 
higihest accumulation is usually present in the subsoil, which, on exposure, is 
readily oxidized. Exchangeable ferric oxide is also associated with ferrous 
oidde, inasmuch as the former is the expected oxidation product of the latter. 

Fmous iron has been found in all paddy soils during the period of submergence. 
Its effect on the growth of rice plants, however, renuuns unknown. In pot cul¬ 
ture experiments, dally application of ferrous or ferric sulfate solutions in quanti¬ 
ties as hi^ as 20 mgm. Fe per pot gave no variation in growih or yield of rice. 

SOLTTBLB SALTS 

Soluble salts are prominent only in saline and alkali soils. Large areas of 
solonchak soils are found in the Delta region of eastern Eaangsu (10). Examina¬ 
tion by the Wheatstone bridge method of a large number of samples collected 
from this area showed total soluble salt contents generally of less than 1 per cent. 
Only a few of the samples had values as high as 10 per cent. Detailed analyses 
show that these salts are chiefiy in the form of chlorides and sulfates. 

Carbonates and bicarbonates are found only in solonetz soils of Changpei, 
Chahar, where the soil water gives a red coloration on addition of phenol- 
phthaMn. Similar alkali soils are found in scattered areas of northen China, in 
coastal provinces, and in local spots in southern China, such as those in western 
Yunnan. 


OBOAKIC HATTBB 

Large areas of peat soil have been found on the Tibetan borderland', chie^ 
in northwestern Szechwan and southeastern Tsinghai. They have a sod surface 
about 10 to 20 cm. deep, in which organic matter^' is exceedingly highj r anging 

• A soil survey of this area was made by Ytt, who joined the expedition in 1939-1&M). 

« Calculated as C X 1.724. 
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from 50 to over 90 per cent. Organic matter in peat soils is highly humified. 
About 40 per cent of it is soluble in 4 per cent hot KOH solution. 

Chernozem soils found in inner Mongolia and northwestern China have an 
average organic matter content of about 4 per cent. Humified organic matter in 
many chernozems extends to more than 40 cm. in depth. Surface soils of 
rendzinas found in Kiangsi and Kweichow have organic matter contents ranging 
from 3.6 to 12 per cent. Soils under natural vegetation always have a dark 
surface high in organic matter. These include gray-brown earths and other 
mountain soils. 


SOIL TEXTURE 

Soils occuning in loess regions, including light chestnut earths of Shensi and 
Shansi, are characterized by their silty texture. Results from large numbers 
of samples collected from this region showed the silt content to be 50 to 75 per 
cent, which puts them among the most silty soils ever reported m any part of 
the world. Beyond the influence of loess, soil texture differs in various regions. 
Gray and brown desert soils in inner Mongolia, northern Kansu, and eastern 
Singkiang are of coarse texture, containing over 50 per cent sand. In general, 
soils of southern China have a heavier texture than those of the north, the com¬ 
position varying with the local soil type. 

Claypans of brown and gray-brown podzolic soils in central China contain 
about 50 per cent clay m their subsurface horizons. 

SUMMARY 

The present report gives a generalized idea of the characteristic chemical 
properties of the great soil groups of China. A generalized soil map of China 
is appended. 
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Despite a half-ceatuiy of research on “soil alkali,” a need exists for a semi- 
quantitative index of the d^ree of plant injury to be expected from various 
ranges of soil salinity. It is realized that salinity stresses may be modified or 
masked by other factors of soil, plant, and climate. Neverthdess, if an approxi¬ 
mate qu£uiiita1av§ rdationship could be established between soil solution concen¬ 
tration and plant growth, it would be of value in the diagnosis of salinity effects. 

The purpose of this paper is to show the ranges of soil solution concentration 
and composition that occur in irrigated soils and thdr corrdation with plant 
growth. These rdationships are compared to those that have been obtained 
with plants grown in sand and water cultures of controlled salinity. A collection 
at this laboratory of stock soil samples from important agricultural areas of the 
West provided an excdlent opportunity for making the type of investigation 
reported here. Plants growing in soils necessarily respond to the actual soil 
solution concentration and composition and not to the values calculated from 
an extraction of salts at artificial moisture contents, which may result in ex- 
tremdy erroneous interpretations. This study, therefore, has involved the 
securing of the soil solutions actually existent at field moisture contents. 

It is recognized that the soil solution may not r^resent the true culture 
medium of the plant, particularly with respect to nutrients that are slowly 
rdeased by soils, such as phosphorus and potassium. As regards concentrations 
of salt, and tiieir effect on plant growth, the soil solution does represent conditions 
to wHch plant roots are subjected. The wilting percentage* represents the 
lowest moisture content at which a plant can grow. For a constant amount of 
salts, the concentration found in the soil solution at the wilting percentage is the 
maximum to which the plant will be subjected, because of tiie genertd inverse 
rdationdiip between concentration and moisture content. Consequently, all 
soil solution concentrations discussed here have been referred to the 'voting 
percentage by appropriate calculations. Since most of the soil solutions were 
obtained at soil moisture contents near tire wilting range, changes made in the 
concentrations by these calculations are rdativdy small. 

'Contribution from the U. S. Regional Salinity Laboratory, Bureau of Plant Industry, 
Agricultural Research Administration, in cooperation with the 11 Western States and the 
Territory of Hawaii. 

'Though the term “wilting percentage” is used for brevity, it is understood that wilting 
takes place over a moisture range, as shown by J. R. Furr and J. O. Reeve in a manuscript 
entitled, “The range of soil moisture percentages through which plants undergo permanent 
wilting in some soils from semiarid irrigated areas.” 

8S1 
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LITERATURE REVIEW 

Harris and co-workers (5) compiled extensive data showing that the osmotic 
pressure of plant saps was related to the soil environment on which the plants 
were grown and summarized the earlier literature on this question. They say 
(5, p. 919): “The salts of the soil may conceivably be detrimental to crop produc¬ 
tion in two ways: first, chemically, through the toxicity of certain of the con¬ 
stituents; second, physically, through the attainment of an osmotic concentration 
greater than that which can be tolerated by crop plants.” 

Recent work on the response of plants to salinity in sand and solution cultures 
has been summarized by Eaton (4), Hayward and Long (6,7), and Magistad et al. 
(12). In general, these investigations have shown a linear negative correlation 
between relative plant growth (based on yields in the base nutrient solution as 
] 00 per cent) and the osmotic pressure of the substrate. Superimposed on this 
major concentration effect are lesser effects due to the nature of the ions and ionic 
ratios. Thus Hayward and Long obtained better jddd of tomatoes in a nutrient 
solution concentrated to 3 atmospheres than in the same original nutrient solu¬ 
tion with additions of sodium chloride to attain the same osmotic pressure. 
Purtheimore, experiments have shown that differences in temperature and 
sunli^t will modify the growth of plants grown in the same substrate. 

Some crops are more tolerant to salt than are others. Kearney and Scofield 
(8) publidied an extensive list of crop plants in order of tolerance. The staff 
of the Salinity Laboratory have diown that garden beets, sugar beets, and cotton, 
with relative yields of 70 per cent when grown in a substrate of 4 atmospheres, 
may be classed as tolerant to common salts, whereas wax beans provided less 
than a 20 per cent yield at this concentration. Yields at 0.5 atmosphere in the 
base nutrient solution were taken as 100 per cent. As an example of a salt- 
sensitive plant, and of q)ecific ion effects, Hayward and Long (7), in a recent 
paper, showed that peaches died at 3.4 atmospheres of chloride salts whereas 
growth continued at 3.6 atmospheres of sulfate salts. 

In a recent experiment with alfalfa, Gauch and Magistad^ obtained a linear 
relationship between salt concentration and growth. Yields from the second 
cutting are reproduced in figure 1. 

Linear relationships similar to that shown in figure 1 have been found for most 
crops tested when plotted in a similar manner. Salt-tolerant crops have a 
sli^tly sloping regression line, w^hereas salt-sensitive crops have a steeply sloping 
one. Extrapolation of the regrestion lines for sugar beets and milo, for instance 
(12), would indicate that growth of these crop plants would cease at about 10 to 
12 atmospheres. No sand culture e3q)eriments have been conducted at this 
laboratory at concentrations in excess of 7.7 atmospheres to verify the validity 
of such extrapolated values. Tottingham (18) in a study of nutrient solutions 
of varied composition grew’' wheat at 0,5, 2.46, and 7.63 atmospheres. At the 
hipest value, wheat plants in some cultures were not markedly injured at the 

®Gauch, H. G., and Magistad, O. C. Growth of strawberry clover varieties and of al¬ 
falfa and Ladino clover as affected by salt. [Manuscript.] 
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ead of 24 days, Yidd of top plus root at this concentration reached 3 gm. com¬ 
pared with yields of 6 gm. at 2.46 atmospheres. Harris et oil. (5) showed that 
AUenrolfia and Salicomia, two salt-tolerant desert shrubs, grew where the soil 
water had osmotic pressures of 30 to 38 atmospheres. Two samples of soil water 
ranging above 45 atmospheres were taken from places devoid of vegetation. 
Various authors have reported growth of plants and molds in sugar solutions 
having osmotic pressures above 10 atmo^heres. Salt-sensitive plants such as 
beans die if the substrate concentration exceeds 4 atmo^heres. 

Very few data have been published in which salt concentrations in solutions 
from sahue soils at low moisture contents are corrdated with plant growth. 
Eaton and Sokoloff (3) report a few analyses of displaced solutions from saline 
soils. One such soil solution contained a total of 308 m.e. of salts per liter. 
Orange production on this soil was poor. These authors point out the desir¬ 
ability of using low soil-water ratios to obtain an accurate picture of the eompoa- 






Fio. 1. Rblativi! Yibu) or Alfalfa in Sand Gultubes of Vabibd Osmotic Pbessubiss 

tion and concentration of the soil solution. Andeison, Keyes, and Cromer (1) 
have recently made an excellent review of solution concentrations in humid soils. 
The concentrations of the displaced soil solutions ranged from 600 to 2900 p.p.m. 

It has long been realized that the availability of soil water to plants is decreased 
both by a lowering of the moisture content and by an increase in salinity. More 
recently, the investigation of eneigy relations of soil water has made it possible 
to rdate these phenomena on a quantitative basis. Thus, Day (2) has derived 
a differmtial equation for the moisture potential of a soil, which is rdated to 
the forces involved in a transfer of water from the soil to the plant: 

dfi = —sdT -h vdP -|- da 

in which dn = moisture potential term 

—sdT = temperature differential term 
vdP = pressure potential term 
da = osmotic potential term. 
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The magnitude of —sdT is Tiagligihlft for smaJl temperature differences withm 
the system. Thus, for most conditions, the moisture potential of the soil water 
is composed of two additive values, the pressure potential and the osmotic 
potential. The pressure potential rdates to the pressure by which water is held 
in the soil. The osmotic potential is caused by presence of solutes in the soil 
water. The value of vdP can be measured by tensiometers, pressure-membrane 
apparatus, and aimilar techniques, and da can be measured by removing the soil 
solution and determining the activity of the water component, such as by 
freesdng-point depression, or by vapor-pressure lowering. 

In sand and solution cultures, vdP becomes zero, and the moisture potential 
of the substrate depends on its concentration. In most soils, both terms have 
appredable values. Consequently, as in this report, when all soil solution con¬ 
centrations are ctdculated to a common tension value (15 atmospheres), the 
pressure potential term is equal for all soils and the plant response becomes 
directly rdated to the osmotic potential. 

MATEBIAXS AND METHODS 

Seventeen soil samples from the laboratory collection were used in this investi¬ 
gation. Soil solutions were obtained from fifteen of these soils at field moisture 
by the pressure-membrane method (15).^ Subsamples of the stock samples, 
which had been sieved throu^ a |-indi screen, were crinkled with sufficient 
distilled water to bring them to predetermined moisture contents. The rda- 
tive moisture percentages of the fifteen samples varied because some of the 
samples were used also for other work than that reported here. The moistened 
samples were kept in air-tight tinned cans in a constant temperature room at 
21®C. for at least 2 weeks prior to extraction. At 2-4-day intervals during this 
period, the samples were removed and mixed by manual working and rolling 
on a Eoroseal mixing cloth. When satisfactory moisture and salt equilibria 
had been attained, the soils were placed in the pressure-membrane apparatus 
and the soil solutions were extracted under a nitrogen pressure of S250-270 
pounds per square inch (17-18.5 atmospheres). 

It has beai shown by Bichards and Weaver (16) that although the wilting 
range may vary over a considerable range of soil moisture tension, the moisture 
hdd at a tendon of 15 atmo^heres is usually a rdiable index of the wilting point. 
In tiiis work, the 15-atmo^here value has been used as equivalent to the wilting 
percentage. This value is determined in the pressure-membrane apparatus by 
allowing the soil moisture to come to equilibrium with this gas pressure. The 
fifteen samples were extracted at moisture contents varying from 1.15 to 2.2 times 
the 15-atino^here percentage. Usually, coarse soils must be extracted at hi^er 
rdative moisture contents for satisfactory results and to provide an adequate 
volume of solution. 

The two remaining samples, 207 and 211, were too small to enable extraction 

* Also Rdtemder, R. F., and Bichards, L. A. The reliability of the pressare-membrane 
method for the extraction of soil sdntions, including a comparison with the displacement 
method. [Incomplete manuscript.] 
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at field moisture. Solutions were extracted from them at the saturation per¬ 
centage (17, p. 9) by filtration under suction on a Buchner funnel. 

TABLE 1 


Soil solution conceniraiions in the milting range and their relationship to plant growth 


SOIL 

NO. 

SOILXYTE 

UOISTUBC CONTCNI 
AT 

SOIL SOLUTION CONCENTRATION 

AT 15 ATH. HOISTUSE CONTENT 

PLANT GROWXa 

Ex¬ 

trac¬ 

tion 

IS 

atm. 


■ 

■ 

Osm.P.* 

XXIOB 

at 

25“C.* 



% 

% 




0^. 



75 

Yolo fine sandy 










loom 

15.8 

11.7 


32 

2,370 

1.32 

232 

Very good wal- 










nuts, alfalfa 

66 

Millville loam 

13.6 

7.6 

22.6 

41 

2,900 

1.36 

307 

Very good wheat 

83 

Fort Collins loam 

14.5 

10.1 

21.9 

44 

3,330 

1.59 

312 

Very good wheat, 










am fill grains 

65 

Palouse loam 

15.6 

10.6 

23.7 

51 

3,950 

1.79 

1 344 

Very good wheat 

77 

Silted Supersti- 










tion sand 

14.5 

6.6 

12.5 

57 

; 4,060 

1.81t 

453t 

Good grapefruit 

183 

Hesperia sandy 










loam 

8.1 

4.7 

10.6 

58 

4,260 

1.81 

525 

Good cotton 

84 

Gila adobe clay 

28.9 

22.5 

41.2 

68 

4,560 

2.02 

597 

Good cotton 

56 

Imperial clay 

17.4 

15.1 

29.7 

104 

6,800 

3.1t 

840t 

Good alfalfa 

79 

Cajon silty clay 










loam 

24.8 

12.0 

28.2 

132 

9,550 

4.0t 

l,100t 

Good wheat 

85 

Regan clay loam 

20.3 

11.4 

23.2 

232 

15,600 

5.8 

1,300 

Medium cotton 

58 

Indio fine sandy 










loam 

12,7 

6.2 

21.6 

235 

15,900 

7.0t 

l,915t 

Fair dates 

222 

Ephrata (?) silt 










loam 

9.6 

5.5 

27.5 

317 

21,000 

8.6 

2,230 

Pears and apples 










retarded 

211 

Greenhouse soil 

121 

27.0 

49.0 

367 

25,600 

9.1 

2,500t 

Begonia and ferns 










dying 

86 

Fort Collins loam 

15.5 

12.3 

22.4 

515 

33,200 

10.4 

2,780 

Poor pasture 

207 

Merced silty clay 










loam 

57.6 

15.0 

29.0 

1,470 

88,500 

47t 

10,700t 

Alfalfa failed 

57 

Imperial clay 

27.2 

20.4 

36.2 

2,^0 

126,000 

84tt 

14,000t 

Barren 

62 

Oasis clay loam 

15.2 

8.7 

25.1 

5,700 

339,000 

235{§ 

24,200t 

Barren 


*CaIculated values are corrected for noxdinear variation of osmotic pressure and equiva¬ 
lent conductance with concentration. {K » specific conductance.) 

tValues calculated from measurements made on synthetic solutions. 

{Values include corrections for the change of osmotic pressure with temperature. 

§The freezing-point depression exceeded the thermometer scale, and the osmotic pres¬ 
sure was calculated from published freezing-point data for NaOl solutions. 

The 15-atmosphere values of all the soils and their moisture contents prior to 
extraction are shown in table 1. 

Determinations made on the soil solutions included ionic constituents, elec¬ 
trical conductivity, and osmotic pressure by means of freezing-point depressions. 
The chemical analyses were made primarily by the sernimicroanalytical methods 
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described elsewhere,® in conjunction with the macromethods used at this labora¬ 
tory and at the adjacent Rubidoux Laboratory of the Division of Irrigation 
Agriculture (20). Dissolved salts in terms of parts per million were calculated 
from the analytical results; because of organic matter, these figures were lower 
than the total dissolved solids obtained by evaporation. Osmotic pressures 
were calculated from freezing-point depressions measured with a Beckmann 
thermometer. For eight soils insufficient samples were available for conduc¬ 
tivity and freezing-point measurements. Synthetic solutions were prepared 
therefore in accordance with the analyses, and these two determinations were 

TABLE 2 

Composiiion of soil solutions of table 1 


Results in milliequivalents per liter 


son. NO. 

IONIC CONCENTBATIONS IN CXISACIED SOLITEIONS 

TOTAL 

SALTS 

Cations 

Anions 

Ca 1 

Mg 

Na 

1 b: 

COi 

HCOa 

S04 

Cl 

NOb* 

75 

6.9 

11.7 

4.6 

0.7 

0.0 

4.7 

1.9 

2.4 

14.3 

23.9 

66 

14.3 

7.0 

1.4 

0.2 

0.0 

6.7 

1.3 

3.1 

10.2 

22.9 

83 

25.4 

3.5 

1.1 

0.5 

0.4 

3.7 

1.1 

1.1 

22.5 

30.5 

65 

24.8 

8.0 

1.2 

0.8 

0.0 

7.6 

1.1 

2.5 

[23] 

34.8 

77 

11.1 

4.7 

9.8 

0.5 

1.1 

6.5 

7.4 

5.2 

5.7 

26.1 

183 

20.4 

6.6 

4.3 

1.8 

0.3 

3.4 

4.3 

5.3 

[19] 

33.1 

84 

23.3 

6.0 

22.7 

1.0 

0.3 

4.1 

26.3 

14.8 

[7] 

53.0 

56 

24.4 

19.8 

40.9 

0.9 

0.0 

3.1 

49.5 

27.0 

11.3 

90.9 

79 

27.8 

14.8 

19.2 

2.1 

0.3 

6.7 

17.4 

10.4 

28 

63.9 

85 

45 

52 

24 

9 

1 

6 

53 

20 

43 

130 

58 

6.4 

1.7 

100 

2.1 

5.6 

5.6 

66.2 

28.1 

9.0 

115 

222 

25 

29 

125 

2.5 

0.2 

3.0 

128 

27 

15 

182 

211 

37.4 

15.6 

25.3 

3.9 

0.0 

2.6 

40.7 

16.1 

[22] 

82 

86 

12.3 

210 

183 

3.3 

0.4 

12.9 

325 

31.2 

13 

409 


89.9 

65.8 

224.2 

3.5 

0.0 

2.8 

51.0 

296 

[33] 

383 

57 

787 

317 I 

561 

2.9 

0.0 


19.4 

1553 

89 

1668 

62 

50 

1 

190 

2906 

97 

0.0 


284 

2954 

18.9 

3262 


♦Nitrate concentrations in brackets were determined by combining analytical values 
with appreciable anion deficits, because of apparent loss of nitrate prior to the time of 
analyins. 


made on them. The four methods of expressing concentration comprise those 
in common use by different investigators. 

Concentrations were calculated to the soil moisture content at the 15-atmos¬ 
phere value by multiplying the actually determined values by the ratio of 
extraction moisture percentage to the 15-atmosphere percentage. For the os¬ 
motic pressure and conductivity calculations, additional factors were used to 
correct for the nonlinear change of thermodynamic activity and equivalent 
conductance with concentration. These factors were determined from available 

® Reitemeier, R. F. 1941 The semimicroanalysis of soil solutions of saline soils. Bureau 
of Plant Industry, U. S. Department of Agriculture. [Mimeographed.] 
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thermodjTiainic data (10,14) and from conductivity data in the Intemational 
Critical Tables (13). Osmotic pressures in atmospheres were calculated from 
freeidng-point depressions by the equation derived by Lewis (9), namely, O.P. = 
12.06A — 0.021A®. For solutions of high concenti'atiion, this equation is exactly 
correct only at the freeidng-point, and the calculated values were referred to 
25°C. by applying additional corrections involving the heat of dilution (10, 
pp, 346-363). As these corrections involve various assumptions, some of the 
reported figures, especially the hipest values, are approximations. 

RESUin^ AND DISCUSSION 

Tables 1 and 2 contain the numerical results of the investigation. Table 1 
includes descriptions of the soil samples, moisture percentages, salt concentra¬ 
tions at the wilting point expressed in four units, and notes on the plant growth. 
Table 2 comprises the ionic compositions of the extracted soil solutions. 

Relationsihip of soil solution amceniroMon at (he witting poirA to plant growth 

The data in table 1 show that good or very good plant growth was obtained in 
the first nine soils. The soil solution of these soils at the wilting percentage had 
an osmotic pressure of 4 atmospheres or less. The first four soils were from the 
Experiment Station Farms at Davis, California; Logan, Utah; Fort Collins, 
Colorado; and Pullman, Washington, respectivdy. These soils produce very 
good yidds. As an example of salinity concaitrations encountered in the soil 
solution under plant growth conditions, and of their variation with the 
soil moisture content, specific data on Cajon silty day loam are given. This 
soil was extracted at 24.8 per cent moisture, and at this moisture content the soil 
solution had an osmotic pressure of 2.05 atmo^eres. At a tension of i atmos¬ 
phere, this soil contains 28.2 per cent moisture. Richards and Weaver (16) have 
shown that the f-atmo^here value is approximatdy equal to the moisture 
equivalent. Between irrigations the moisture content of this soil mi^t have 
varied from about 30 per cent to 12 per cent, and the osmotic pressure of the soil 
solution from 2 to 4 atmospheres. Very likdy the moisture content of this 
soil was never reduced to the wilting percentage during the growth of the wheat. 
It seems fair to assume that althou^ 4 atmospheres is given as a limitiiig value 
for the osmotic pressure of the soil solution, wheat growth took place matuly in 
the range from 2 to 3 atmo^heres. 

Plant growth observations shown in the last column of table 1 were based on 
local ideas of good crop yidds. It is recognized that what may be called a good 
crop on an area uniformly safine mi^t be considered a mediocre crop in more 
fertile and less saline lands. 

In soils having a soil solution concentration above 4 atmospheres at the wilting 
point, crop yidds were definitely not good even by local standards. At values 
above 40 atmospheres plant growth failed. 

Table 1 also gives values for the conductivity of the soil solutions. On this 
basis we note that where the conductivity exceeded about 1,200, crop growth 
diminished; at values between 3,000 and 10,000, growth failed. 
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Recently Scofidd® made a survey of soils in the Pecos River Basin of New 
Mexico and Texas. Soil samples were taken from “locations that appeared to 
represent the several stages or degrees of soil salinity.” These samples were 
brought to the saturation percentage, the “solution extract” was removed by 
a filter press, and tiie extract was analyzed. The saturation percentage is about 
twice that at fidd capacity and this in turn is about twice that at the wilting 
parentage. The water content of these soils at the time of filtering therefore 
was assumed to be roughly four times the wilting percentage. Scofidd concluded 
that where the solution extracts involve a conductivity of 800, salt-sensitive 
plants do not thrive, but salt-tolerant crops like alfalfa and cotton do wdl. 
Where the conductivity of the solution extracts is above 1,500, these salt-tolerant 
crops do not do wdl. The Pecos soils contain much gypsum, and the conduc¬ 
tivity of these soil solutions at the wilting percentage probabty would be less 
expected from conductivities at the saturation percentage corrected for the 
diminished watmr content. 

It has been customary to corrdate plant behavior with the salt content of a 
soil expressed in terms of percentage or parts per million on a dry soil basis. 
It is more logical to give salt concentrations on the basis of soil solution rather 
than of soil. Such values are given in column 7 of table 1. Here we see that 
where the soil solution concentration at wilting exceeded 10,000 p.pm., growth 
was markedly retarded. Where the concentration exceeded 40,000 p.pm., 
growth ceased. 

It diould be noted that in soil 62 the total concentration of salts in the soil 
solution at the wilting percentage approaches the solubility of sodium chloride 
in water. 

For the benefit of those who widi to make comparisons between plant growth 
and soil solution concentration in units of milliequivalents per liter, these values 
are induded in column 6 of table 1. 

Livingston, in 1942 (11), reviewed the general subject of the effect of salts, 
salt proportions, and concentration on plant growth. He concluded in general 
that the concentration of a good nutrient solution affects plants mainly thror^ 
its osmotic value and that this is modified by the kinds of salt and salt ratios 
present. He pointed out (11, p. 90), “With continuous flow a good solution may 
be much weaker than 0.017 ilf, but total concentrations greater than about 
0.060 M (or about 2.5 atm. omnotic pressure) generally retard water absorption, 
somewhat as a soil does when too dry for healthy growth.” 

A fertile soil r^leoishes plant food to the sofl solution and acts like a flowing 
culture. The concentrations in osmotic values and milliequivalents per liter 
found in the solutions of soils giving good yidds and tabulated in table 1 agree 
with the conclusions of Livingstim. 

It should be borne in mind that the soil solution concentrations listed in table 1 
are calculated concentrations existing In the soil solution at the wilting per- 

' Scofidd, C. S. 1941 The Pecos Biver joint investigation 1939-1940. Soil salinity in¬ 
vestigation. Bureau of Plant Industry, IT. S. Department of Agriculture. [Mimeo- 
g^phed.] 
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ceatage, and that the plants were, for the most part, growing at concentratioiis 
somewhat bdow these. The relationships shown in the table between plant 
growth and salt concentration are of the same order as those obtained by other 
investigators in sand and solution cultures. 

ComposiUon of soil solvMons 

The composition of the solutions as extracted are ^own in table 2. These 
analyses are included because so few data are available on soil solution compod- 
tion at low soil moisture contents, and because great variance is diown in the 
composition of solutions from soils from various parts of the western United 
States. In general, with increasing total salt content there has been a parallel 
increase in sodium, sulfate, and chloride concentrations. Of particular interest 
are the high nitrate values of the first four fertile soils, in whi<h nitrates account 
for one half or more of the anions present. 

About half of these soils contained xmdissolved g 3 ^sum. In the solutions from 
sudbi soils, the product of calcium and sulfate agreed well with expected values 
as given by Vanoni and Conrad (19). 

In the solutions from soils 75, 85, 222, 86, and 62, the concentration of mag¬ 
nesium exceeded that of calcium. It is usually found that the amount of dis¬ 
solved calchun exceeds that of magnesium in soil solutions of fertile soils. 

SUMMARY 

Seventeen soils representing a wide range of salinity conditions were collected, 
together with notes on plant growth. Soil solutions of these soils were obtained 
at moisture contents within normal field range. These solutions were analyzed 
and the values extrapolated to the 15-atmosphere (wilting percentage) value. 
Concentrations of salt are given in osmotic units, conductmty units, parts per 
million, and milliequivalents per liter. The relationidup between plant growth 
and osmotic pressure of soil solution was similar to and of the same order as that 
obtained in sand culture and solution culture experiments. Above 40 atmos¬ 
pheres concentration, the soils were barren. Normally fertile irrigated soils 
had a soil solution concentration at wilting percentage of 1.3 to 1.8 atmospheres, 
conductance values (A^XIO^) of 200 to 350, 2,000 to 4,000 p.pm. and 30 to 
50 m.o. per liter of salts. 

The soil solutions as extracted varied greatly in composition. Nitrates formed 
half the anions in the solutions from fertile soils. In a few solutions the mag¬ 
nesium content exceeded that of calcium. 
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The response of plants to variations in the ratios of the several nutrient ions 
in solution culture has been the subject of many investigations. The ultimate 
aim of all such studies is the improvement of fertilizer practice. But many 
difficulties arise in appl 3 dng to the soil the results thus obtained. Numerous 
attempts have been made, therefore, to develop procedures for the study of 
plant nutrition under conditions more closely approximating those of the 
natural soil. The nearest approach to a solution of the problem was that de¬ 
vised by Gedroiz (4) and ampMed by Albrecht (1). In its latest modification 
by Hunter, Toth, and Bear (5), it consists in the production of a H-soil and the 
replacement of the H in the exchange complex of that soil with basic cations 
in the proportions desired. 

The conditions affecting the plant’s uptake of nutrients from the exchange 
complex of a soil differ in many important respects from those in a culture 
solution. The concentration of nutrients in the soil decreases gradually with 
crop growth, whereas with solution cultures a virtually constant supply can be 
maintained by frequent or continuous renewal. Soil colloids have a powerful 
buffering ^ect against reaction changes. Soil nutrients are largdy adsorbed 
by the exchange complex or are present as chemical compounds the solubilities 
of which are closdy related to the H-ion concentration, whereas the nutrients 
in solution cultures ore in the ionic state, freely available to the plant. As a 
result of fixation, adsorption, and exchange reactions, the soil alters the ratios 
of the nutrient ions from what they would have been had the salts been merely 
dissolved in water. In solution cultures the only factor disturbing the nutrient 
relationships is disproportional absorption by the plant. 

The purpose of this investigation was to compare the effects of identical 
ratios of available Ca and K, when supplied in soil and in solution cultures, 
on the growth and composition of the alfalfa plant. 

MATBBIALS AND UBTHODS 

Six lots of Dutchess loam were so prepared as to have Car-K ratios of 1:1, 
2:1, 4:1, 8:1,16:1, and 32:1, respectively, in the exchange complex, the other 
major and minor nutrient elements being supplied in constant amounts. Six- 
pound portions of each lot of soil, mixed with 15-pound portions of add-washed 
sand, were placed in 2-gallon pots without drains. Inoculated Bardistan alfalfa 
was seeded on March 17, 1941, and the first crop was harvested 83 da37S later. 

* Journal Series paper of the New Jersey Agricultural Experiinent Station, Rutgers Uni¬ 
versity, department of soil chemistry and microbiology. 
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More complete details of the preparation of these soils and of the experimental 
procedures employed with them have been given elsewhere (5).* 

In the solution culture investigation, use was made of pure quartz sand, as 
described by Shive and Robbins (6). The sand was placed in 2-gallon drainable 
pots the diameters of which were approximatdy the same as those of the pots 
used in the soil study. Uninoculated alfalfa seed was sown on May 5,1941, and 
the first crop was harvested 77 dasra later. Durmg the first week after seeding, 
the pots recmved only distilled water, but thereafter approximately 1 liter of 
nutrient solution of the desired Ca-K ratio was supplied daily to each culture. 
The pots were flushed every day with distilled water. 

The alfalfa seed used in the two studies were from the same origmal lot. The 
ratios of Ca to K investigated m the sand culture’ were identical with those in 
the exchange complex of the soil. The plants grown in the sand were supplied 

TABLE 1 


Coneerdrations of mUrients* and pH^ valves of solutions used in sand culture 


Ca-K 

RAOIO 

SAU CONCENTRATION 

Ca 

K 

pH 

Ca(N08)s 

CaCHaPOOi 

KNOi 

KHtPOd 

MgSOi 

■1 

molesjl. 

moUsIh 

molesjl. 

molesjl. 

molesjl. 

p.p.m. 



19 

0.00282 


0.00337 

0.00225 

0.00225 

113 


5.2 

91 

0.00376 


0.0015 

0.00225 

0.00225 

160 

147 

mSm 

91 

0.0045 



0.00225 

0.00225 

180 

87 


91 

0.0045 

0.0005 


0.00125 

0.00225 

200 

49 

4.1 

■9 

0.0045 

0.0008 


0.00065 

0.00225 

212 

25 

3.9 

■1 

0.0045 

0.00095 

1 

0.00035 

0.00225 

214 

14 

3.8 


* The trace elements, B (as HtBOi), Mn (as MnSOt), and Fe (as Fe-tartrate), were sup¬ 
plied at rates of 1,0.5, and 1 p.p jn., respectively. The concentrations of P, S, and N, 
in p.pjn., were 55, 70, 72, and 126, respectively. 

t The soil pH values for the successive ratios were 6.3,6.2,6.1,6.0,6.0, and 6.0, respec- 
tivdy. 

with N by way of the nutrient solution, whereas those grown in the soil were 
inoculated with rhizobia and obtiuned their N principally from the atmosphere. 
In both soil and sand, four plants were grown in each pot and each treatment 
was replicated three times. The usual precautions were taken to equalize li^t 
and temperature conditions. 

The plant tops were harvested at the early bloom stage at a hd^t of about 1 
inch above the crown. Dry weights were obtained after drying at 80®C. Hie 
harvests from the replicate pots were composited, and they were analyzed by 
the methods of the A.O.A.C. All Ca-K ratios were calculated on the basis of 
chemical equivalence. 

The composition of each nutrient solution for the six Ca-K ratios is presented 
both in molar concentrations and in parts per million in table 1. All solutions 

* The soil-grown alfalfa consideied here is that of the first harvest from these soils. 

' The term “sand culture” refers to the use of a culture solution on sand. 
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were of uniform total equivalent concentration, eaoh hfl.v ing an osmotic pressure 
of approximately one-half atmosphere. 

BBSTUiTS AND DISCUSSION 

Since the two series of plants were grown in different media and at slight ly 
different—^but overlapping—seasons, comparisons must be made on a rdative 
basis. In considering growth data, the values obtained from the six Ca-K ratios 
in each medium were referred to those obtained from the 1:1 ratio as 100. 
Similarly, in comparing the chemical composition of the crops, the values ob¬ 
tained from the soil having a Ca-K ratio of 1:1 were taken as 100, aU other 
values being referred thereto. 

The absolute and relative values for the heists of the tallest plants at harvest 
time and for the green- and dry-wei^t yields of alfalfa from soil and sand culture 
axe presented in table 2. There were great differences in the absolute values of the 

TABLE 2 


Heights of tallest plants and green- and dry-weight yields of alfalfa grown in soil and in sand 

culture* 


Ca-K 

RATIO 

AVERAGE HEIGHT 

AVEBAGE GSEEH ‘WEIGHTS 

AVERAGE DRY WEIGHTS 

Inches 

Relative 

Gzams/pot 

Relative 

Gzams/pot 

Relative 


Soil 

Sand 

Soil 

Sand 

Soil 

Sand 

Sod 

Sand 

Soil 

Sand 

Sod 

Sand 

1:1 

31.8 

43.6 

100 


62.7 

127.7 



14.65 

26.25 

100 


2:1 

32.6 

48.5 

102 

111 

74.3 

144.4 

119 

113 

17.54 

31.70 

120 

121 

4:1 

28.5 

43.2 


99 

69.4 

142.4 

111 

111 

16.81 

31.94 

115 

122 

8:1 

31.2 


99 

110 

70.3 

141.1 


no 

16.96 

33.63 

116 

128 

16:1 

31.6 

44.5 



72.9 

116.8 

117 

91 

17.29 

25.48 

118 

97 

32:1 

29.6 

41.2 

93 

94 

83.7 

74.1 


58 

20.24 

17.74 

138 

68 
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of K, an unfavorable Ca-K ratio, and/or an unfavorable pH of the nutrient 
solution. 

The chenodcal composition of the two series of plants is presented in table 3. 
The differences between the K content of the plants gmwn with Ca-K ratios of 
8:1, 16:1, and 32:1 on the two media arc small. The nutrient balance sheet 
(table 5) shows that 67 per cent of the avaDable K was removed in the material 
harvested from the plants growing in the soil having a Ca-K ratio of 32:1, 
whereas only 19 per cent of the K was contained in the harvest from the sand 
culture of the same Ca-K ratio. From this it would appear that a deficiency 
of K was not responsible for the low yield from the Ca-K ratio of 32:1 in sand 
culture. The rate at which the solution was supplied, however, was virtually 

TABLE 3 


Comparison of chemiced composition of alfalfa grown in soil and in sand cvlture 


Ca-K 

ASH 

Ca 

K 

Mg 

K)0> 

P 

S 

N 

KATIO 

Soil 

Sand 

Soil 1 Sand 

Soil 

Sand 

Soil 

Sand 

Soil 

Sand 

Soil 

Sand 

Soil 

Sand 

Soil |Sand 


Perceniage composition 


1:1 

9.97 

9.92 

0.77 

0.94 

3.30 

3.94 

0.23 

0.32 

0.26 

0.09 

0.37 



M 

2.86 


2:1 


9.29 

1.11 

0.98 

2.66 

3.24 

0.25 



0.07 

0.31 




2.87 


4:1 


8.88 

1.28 

1.18 

2.61 

2.94 

0.29 



0.08 

0.31 

!1Rl 

0.36 


2.89 

2.95 

8:1 

9.48 

8.14 

1.52 

1.20 

2.16 

2.29 

H 



0.07 

0.30 

0.43 

0.32 


2.89 

2.93 

16:1 

8.86 

7.13 

1.62 

1.49 

1.69 

1.81 

m 



0.06 

m 




2.92 


32:1 

7.39 

7.96 

1.82 

1.71 

1.16 

1.04 



ii 

0.05 


1 



2.98 

2.95 


Relative composition* 


1:1 

100 

99 

100 

122 

100 

119 

100 

139 

100 

35 

100 

114 

100 

82 


111 

2:1 

101 

95 

144 

127 

81 

98 

108 

130 

134 

27 

95 

110 

106 

73 


98 

4:1 

102 

89 

161 

153 

79 

89 

126 

139 

154 

31 

94 

115 

108 

91 

101 

103 

8:1 

95 

82 

198 

156 

65 

69 

126 

130 

169 

27 

81 

122 

97 

85 

101 


16:1 

88 

72 

210 

194 

51 

55 

130 

152 

154 

23 

83 

133 



102 


32:1 

74 

80 

236 

222 

35 

32 

148 

187 

188 

19 

92 

142 

91 

97 

104 

103 


* Values from 1:1 Ca-K ratio in soil are set at 100. 


constant throughout the experiment. During most of the growing period the 
supply of K was undoubtedly in considerable excess of the requirements, the 
total amoimt of that element added during the 77-day period being about five 
times the quantity contained in the plant tops (table 6). It is possible, however, 
that during some critical period in the growth of the plants the daily supply of 
K was insufficient to meet their needs. The nutrient balance sheet (table 5) 
shows that, of the nutrients available, the plants took from the solution mini¬ 
mum and maximum amounts equivalent to approximately 7 and 26 per cent, 
respectively, of the K, and 2 and 3 per cent each of the Ca, Mg, and P. They 
also took 1 and 2 per cent of the S and 6 and 11 per cent of the N. It is obvious 
that all the nutrients, with the possible exception of K, were supplied in great 
excess. 
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The fact that the ratios of Ca to K in the plants grown with a Ca-K ratio of 
32:1 were very similar for the two media (3.09 and 3.21 for the soil and the sand 

TABLE 4 


Ca-K ratios in alfalfa plants 


Ca-E SATZO IN SOIL AND IN SAND 
CULTDBE 

Ca-K KATIO IN PLANTS GSOWN ON 
SOIL COLTXJBE 

Ca-E PATIO IN PLANTS GSOWN IN 
SAND COLTUBE 

1:1 

0.46 

0.47 

2:1 

0.82 

0.59 

4:1 

0.96 

0.78 

8:1 

1.37 

1.02 

16:1 

1.87 

1.61 

32:1 j 

3.09 

3.21 


TABLE 5 

NutrierU balance sheet* 



Ca 

E 

Mg 

P 

Ca-E 

PATIO 

AVAIL.t 

PEIC. 

AVAIL. 

PEN. 

AVAIL. 

PEN. 

AVAIL. 

PEN. 


mgm. 

mgm. 

percent 

mgm. 

mgm. 

percetU 

mgm. 

mgm. 

per cent 

mgm. 

mgm. 

percent 


Soil 


Ml 

3162 

112 

3.6 

6169 

483 

7.8 

439 

34 

7.7 

886 

55 

6.3 

K! H 

4102 

194 

4.8 


467 

11,7 

439 

44 

10.0 

886 

55 

6.3 

B ! il 

4818 

215 

4.5 

2354 

438 

18.6 

439 

49 

11.1 

886 

53 

6.0 

B ! H 

5276 

257 

4.9 

1286 

366 

28.4 

439 

48 

11.0 

886 

52 

5.9 


5539 


5.1 

676 

292 

43.2 

439 

51 

11.7 

886 

55 

6.3 

32:1 



6.5 

346 

232 

67.1 

439 

69 

15.8 

886 

70 

8.0 


Sand culture 


1:1 

7910 

250 

3.1 

15380 

1030 

6.8 

3830 

80 

2.1 

4890 

110 

2.3 

2:1 

10500 

310 

3.0 

10220 

1030 

10.0 

3830 

90 

2.4 

4890 

130 

2.7 

4:1 


380 

3.0 

6160 

940 

15.3 

3830 

100 

2.6 

4890 

130 

2.7 

8:1 

14030 

400 

2.9 

3420 

770 

22.5 

3830 

100 

2.6 

4890 

150 

3.2 

16:1 

14860 

380 

2.6 

1780 

460 

25.9 1 

3830 

90 

2.4 

4890 

130 

2.7 

32:1 

15290 1 

320 

2.1 

960 

180 

18.8 

3830 

80 

2.1 

4890 

100 

1.9 


* The amounts of available cations in the soil, as shown in this table, represent the quan¬ 
tities replaceable by 0.05 N HCl. One twelfth of the soil in each soil culture was saturated 
with H 8 PO 4 , and the available P represents the difference in total P before and after this 
was done. The quantities of available nutrients shown for each sand culture were calcu¬ 
lated on the basis of an estimated 70 liters of nutrient solution that was supplied to each pot 
of sand during the 77-day growing period. 

t Avail. Available to plant; Rem. « Removed by plant. 

culture, respectively, as shoim in table 4), and that tiie highest yield from the 
soil was obtained with that ratio (table 2), would seetn to indicate that the 32:1 
ratio of Ca to K in the sand culture was not in itsdf very unfavorable. 
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It is possible that the low yields with high Ca-K ratios in sand culture were due 
in large measure to an unfavorable pH of the nutrient solution. As shown in 
table 1, the 16:1 and 32:1 solutions had pH values of 3.9 and 3.8, respectively, 
whereas for the same ratios in soil the pH value was 6.0. (The low pH values of 
the solutions supplied to sand cultures in this experiment were due to additions 
of the acid salt monocalcium phosphate, of which the tenth-molar stock solution 
had a pH value of 2.8). It has been shown (3) that plants absorb cations with 
increasing difficulty as the pH valu^ of the culture solution fall below certain 
levels. Amon and Johnson (2) report good growth of tomatoes, lettuce, and 
Bermuda grass in solution cultures throughout the range of pH 4 to 8, but these 
plants are not so sensitive as alfalfa to acid conditions. 

The ash content of sand culture plants was generally less than that of the 
plants grown on soil. The K and Mg contents of the sand culture plants were 
sli^tly hi^er than those of the soil plants, whereas the Ca content was sli^tly 
lower. The EaOs content* of the plants grown on soil was three to ten times as 
great as that of the sand culture plants. The soil, having recently been acid- 
leadied (5), supplied large quantities of available Fe and A1 to tiie plants that 
were grown on it, whereas the plants of the sand culture reedved no A1 and only 
fimall amounts of Fe. An appreciably greater quantity of P was taken up from 
tbe sand culture solution than from the soil. This was to be ejected, since the 
P in the sand was freely available in the ionic state, whereas that of soil was 
adsorbed or fixed, some of it in a relatively msoluble form. The percentage of 
S was a little higher, and that of N somewhat lower, for the plants on soil tkan 
for those on the sand culture. Ca and K were not absorbed by the plants in the 
ratios in wbidi these elements were supplied, the ratio within the plant bdng 
about 1:1 and 3:1 for the Ca-K ratios of 1:1 and 32:1, respectively. 

It would be possible to devise a comparative test of sofi and sand cultures 
in which all b^bning cation ratios would be identical. Accurately to correlate 
plant responses in soil and sand cultures, this must be done. In the present 
investigation, however, only the Ca-K ratios were identical, but calculations 
will diow that the trends of the variations of the other cation ratios in the two 
media were analogous. This report is presented, therefore, for the value it may 
have in pointing the way toward a method for bridging the gap between the 
solution-culture approach of the plant physiolo^t and the more direct but less 
fundamental approach of the soil inv^tigator in determining the responses of 
plants to fertilizers. 


SOMMABY 

Alfalfa was grown on soil and in sand culture for 83 and 77 da 3 rs, respectively, 
with identical ratios of Ca to K available to the plants. CarK ratios of 1:1, 
2:1,4:1, 8:1,16:1, and 32:1 were investgated. 

The jdelds and chemical composition were compared on a relative basis. 
There was contiderable somilarity in the values obtained from the same ratios 


* By !R,Oi is meant the combiaed wdghts of Fe and A1 phosphates and oxides in the plant 
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in the two media, particularly for the ratios 1:1,2:1,4:1, aud 8:1. The highest 
jridd from the soil was obtamed with the highest Ca-K ratio, 32:1. The hipest 
3 delds, both absolute aad relative, from the sand culture were obtained from the 
first four ratios, the sddds decreadng sharply at Ca-K ratios of 16:1 and 32:1. 
The low yidds for the hipest ratios in sand culture were attributed largely to 
an excessively low pH of the nutrient solution. 
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PLATE 1 

Comparison op Alfalfa Kesponse in Soil and Sand Cultoeb 

Fig. 1. Soil culture. 

Fig. 2. Sand culture. 

Pot numbers were identical in the two investigations. Photographs were taken on har¬ 
vest dates. 


Ca-K 

Ratio 

Pot 

1:1 

1 

2:1 

4 

4:1 

7 

8:1 

10 

16:1 

13 

32:1 

16 







THE SUITABILITY OF WATER PURIFIED BY SYNTHETIC ION- 
EXCHANGE RESINS FOR THE GROWING OF PLANTS IN 
CONTROLLED NUTRIENT CULTURES^ 

GEORGE P. LIEBIG, JR., ALBERT P. VANSELOW and H. D. CHAHilAN* 
University of California Cilrm Experiment Station 
Received for publication January 21 , 104J 

The need for largo quantities of low-cost distilled water free from heavy-metal 
contamination, for use in plant nutritional studies, led to an investigation of the 
quality of water purified by means of synthetic-resin ion exchangers. These 
resins are being manufactured on a commercial scale,^ and suitable equipment 
for producing water of distilled quality is available.^ 

The principle of the ion-exchange process is as follows: The water to be purified 
is first passed through a hydrogen-fom cation-exchange resin, where the cations 
are exchanged for hydrogen ions. The water now contaming free acids is passed 
through an anion-exchange resin, which absorbs the anions and releases hydroxyl 
ions. Bicarbonates and carbonates are converted to carbonic acid, which can 
subsequently be removed by aeration. 

LABORATORY PREPARATION OP ION-EXCHANGE WATER 

A small laboratory unit similar to that described in literature* of The Resinous 
Products & Chemical Company, was set up. This unit consisted of two vertical 
Pyrex-glass tubes, 3.5 by 120 cm. The bottom of each tube was fitted with a one- 
hole rubber stopper. In this was inserted a glass filter tube in which was sealed 
a coarse-fritted-glass disk. Two inches of acid-treated, washed Ottawa sand 
was added, and each tube was half filled with the appropriate ion-exchange resin. 

The synthetic ion-exchange resins used were Amberlitc IR-100, cation ex¬ 
changer, and Amberlite IR-4, anion exchanger. These resins were pretreated with 
4 per cent HCl and 2 per cent Na^COs solutions, respectively, and were then 
w^ashed with distilled water until free from electrolyte, as directed by the manu¬ 
facturer. The bottom of the cation-exchange tube was connected to the top 
of the anion-exchange tube by the necessary glass- and rubber-tube connections. 

1 Paper No. 479, TJaiversity of California Citrus Experiment Station, Biverside, Cali¬ 
fornia. 

* Associate, assistant chemist, and associate professor of agricultural chemistry and 
associate chemist in the experiment station, respectively. 

® The Resinous Products & Chemical Company, Philadelphia, Pa., manufactures these 
resins. We arc indebted to Edward R. Mueller, of this company, for literature describing 
the uses and properties of the resins, and for the samples with which we have experimented. 

* Water-purification equipment utilizing these resins is manufactured by The Illinois 
Water Treatment Company, Rockford, Illinois. By the proper choice of equipment, 
heavy-metal contamination can be avoided. Units capable of producing 150 to 5,000 
gallons an hour are available, and the cost of purification is much less than that involved 
in distillation. 

® The Resinous Products & Chemical Company 1941 The Amberlites. The Resinous 
Products & Chemical Company, Philadelphia, Pa, 
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BEMOVAL OF TBACE-ELEMEMT CONTAMINANTS FBOM BISTHiLED WATEB 

The first experimeBt was carried out to determine whether the trace-element 
contaminants in laboratory-distilled water could be reduced by passage through 
the cation-exchange re^. Distilled water from a laboratory tap was passed 
through the hydrogen-saturated cation-exchange resin at a rate of 8 liters an 
hour and collected in Pyrex bottles. A sample of this first-passage water was 
saved for anals^; the remainder was passed throu^ the cation-exchange resin 
four more times. Another sample of distilled water was redistilled in an all- 
Pyrex-glass still. SufiGicient samples of these various waters were evaporated to 
small volumes in silica dishes, transferred to Pyrex Erlenmeyer flasks, and 
acidified with H 2 SO 4 . A small quantity of CdS 04 was added, and precipitation 
by HaS was carried out. The precipitate was removed, and its comporition was 
determined speclxographically. The results are ^own in table 1 . 

It is evident that the principal heavy-metal contaminants (Cu, Pb, and Zn) 
in the laboratory-distilled water were effectively removed by passage through 

TABLE 1 


Bemooal ef hemiy-metal eontaminanis from diaHUed water by redistillation and by passage 

through cation-exchange resin 


SAUFLE 

CONSTITUENTS 

Cu 

Pb 

Zn 

Xaboratoiy'distilled water. 

p.p.M. 

0.2000 

P.PM. 

0.0550 


Hedistilled water*. 

0.0016 

0.0025 


lon^exchange water, after one passage. 

0.0035 

0.0015 


Ion-exchange water, after five passages. 

0.0000 

0.0010 




* Laboratoiy-distilled water redistilled in all-Fyrex-glass still. 


the cation-exchange resin. Water of greater purity, with respect to these metals, 
was produced by repeated passage throu^ the resin than was obtained by 
redistillation in tiie all-Pyrex-^ass still. For culture work with micronutrients, 
for which hi^-purity water is necessary, it appears that this method offers inter¬ 
esting posribilities. 

PUBmCATION OF TAP WATBE BY PASSAGE THEOUGH SYNTHETIC ION- 

EXCHANGE BESINS 

In this experiqaent, ordinary tap water was passed through the ion-exchange 
equipment described, at a rate of 4 liters an hour. The conductivity of the ex¬ 
change water was comparable to that of the laboratory-distilled water. liter 
samples of the exchange water and of the distilled water were evaporated in 
platinum dishes, and determinations of total solids, loss on ignition, silica, and 
nonvolatile residue were made^ other portions were analyzed for major con¬ 
stituents such as calciiun and magnerium. Still further samples of tap water 
and of exchange water were evaporated in silica dishes, and the residues were 
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spectrographed to determine the contents of trace elements. The results of these 
analsrses are shown in table 2. 

TABLE 2 


Composition of tap water "before and after parsing through cation- and anion-exchange resins, 
in comparison with distilled water 



TAP WATER 

DISXIU£D 

WATER 

ION-EXCHANGE 

WATER 

Total solids at 356®F. 

P.PM. 

309.0 

p.pM. 

2.0 

p.pM. 

27.0 

Loss in total solids upon ignition (1000®F.). 

0.6 

3.30 

Silica. . 

24.0 

0.0 

22.80 

0.90 

Nonvolatile residue. 

1.6 

Bicarbonate. 

171.0 

* 

NDt 

0.01 

Calcium. 

48.0 


Carbonate..... 

0.0 


ND 

Chloride. 

21.0 


ND 

Magnesium. 

6.0 


0.50 

Nitrate. 

8.0 


Potassium. 

3.0 


ND 

Sodium. 

24.0 


ND 

Sulfate... 

28.0 






Spectrographic examination of residue containing silicaX 


Aluminum. 

0.01 


0.0003 

Barium. 

0.015 


0.002 

Boron. 

0.1 


0.08 

Chromium. 

0.004 


0.002 

Copper. 

0.008 


0.002 


0.05 


0.002 

JjAa,d. 

0.002 


0.001 

Lithium. 

0.010 


ND 

Manganese. 

0.001 


0.002 

Molybdonum. 

0.01 


ND 

Nickel. 

ND 


0.002 

Silver. 

0.0005 


0.0002 

Strontium. 

0.120 


0.001 

Tia. 

ND 



Vanadium. 

0.100 


ND 

Zinc .... 

ND 


0.02 






* Leaders indicate data not determined, 
t ND « none detected. 

t These results are approximations; some may be as much as 50 to 100 per cent in error^ 


Aside from its silica content, the exchange water is comparable in quality to 
distilled water. The nonvolatile residue, after removal of silica, was 1.60 p.p.m. 
in the distilled water, and 0.90 p.p.m. in the exchange water. The exchange res¬ 
ins do not take out silica, and no claim for this is made by the manufacturer. 
For some chemical laboratory purposes, the silica would, of course, be objection- 
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able, but various patented methods’ have been devised for its removal and mi^t 
possibly be used in connection vuth the exchange-resin equipment. 

The exchange water (table 2) contained 3.30 p.p.m. of volatile substances, 
probably organic material dissolved from the resins. The nonvolatile portion 
of the exchange water, after removal of silica, proved to be largely magnesium. 
Of the trace demits contained in the tap water, iron, aluminum, molybdenum, 
copper, strontium, barium, vanadium, and lithium wei'e significantly reduced by 
passage throu^ the resins. Further removal of these could no doubt have been 
achieved by repeated passage of the water through the cation-exchange resin. 

EFFECT OP ION-EXCHANGE WATER ON CITRUS PLANTS GROWN IN CONTROLLED 

NUTRIENT CULTURES 

As a final test of the suitability of ion-exchange water for plant-culture work, 
two cultures nsing 8-liter cylindrical Pyrex-^ass jars were set up in the green¬ 
house. Each culture contdned one lemon cutting and two Valencia orange 
cuttings. 

A lai^ volume of a fairly concentrated base-nutrient solution containing 
calcium, magnesium, potassium, sodium, chloride, nitrate, sulfate, and phosphate 
was purified in a 140-liter tile container by the addition of enou^ Ca(OH )2 to 
bring about a phosphate precipitation. After the precipitate had settled, 5 
liters of this solution was siphoned into each of the two Pyrex jars, and the reac¬ 
tion was adjusted to pH 4.5 with redistilled HNO». The volume of one container 
was made to 7.5 liters with the exchange water; that of the other container was 
made to the same amount with redistilled water from an all-Pyrex-glass still. 
A small amount of phosphate was added, and the composition of the final solu¬ 
tion thus prepared, in milliequivalents per liter, was: Ca, 6.88; Mg, 3.77; E, 
2.79; Na, 0.1; Cl, 0.1; NO*, 10 . 01 ; SO 4 ,2.5; and PO4, 0.33. Mn, Zn, and B were 
added to give 0.1 p.p.m. each, and purified PeSO* was added thrice weekly. 
The pH value was maintained between pH 4.0 and 5.0 by tho addition of redi.s- 
tiUed HNOa. New solutions were prepared every 28 days. 

The water lost by transpiration and evaporation was compensated for by 
additions of exchange water to the one culture and of redistilled water to the 
other. The plants were grown for 8 mouths. The amount of water used by 
these plants after they had become establi^ed was fairly lai^, the quantities 
added during the 28-day periods between renewals being five to six times the 
original volume of the cultures. Hence, any toxic oiganic or inorganic constitu¬ 
ent comir® from the exchange water would be expected to accumulate, either 
in the solution or in the plant, and, in the course of 8 months, to cause injury. 
At no time during the experiment, however, was there any £%a of toxicity in 
mther the orange or the lemon cuttings growii^ in the exchange-water culture. 
If anytiiing, the plants supplied with this water made sli^tly more top and root 

‘liebknedit, 0., and Gerb, L. (to The Fennutit Co.) 1942 Removing silica from 
water. (U. S. Patent No. 2,267, 831.) Abs. in Chem. Aha. 36: 2658. 

The Permutit Co. 1942 Removing silica from water. (British Patent No. 539,884.) 
Abs. in Chem. Abs. 36: 4246. 
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groA\th than did tliowe supplied with the redistilled water, but the difference, if 
significant at all, \\as slight. The tops and roots of lioth sets of plants are shown 
in figiii e 1. An indication of health in citins roots is the production of long white 
laterals and a light color of the older loots. As may be seen Ironi the illustration, 
both sets of roots were of this character. 



Fid, 1. Tops and Hoots of Citrus Ci ttinos Grow n in Solution Ci lti’rbs: .4, Supplied 
W’ lTir Water Redistilled in \n All-Pyrbx Glvss Still: Supplied with 

Ion-Exchangb W vtbr 


SUMMARY AND CONCLUSIONS 

The results of experiments to detennine the suitability, for plant growth, of 
water purified by passage through s^mthetic ion-exchange resins, show that water 
of high qualitj'' can be obtained. Objectionable traces of copper and other heavy 
metals can be removed from distilled water by passage through a hydrogen-sat- 
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iiratod cation-exchange resin. The purity of the water is increased by repeated 
passages through this resin. 

Water comparable in quality to distilled water, except for silica content, can 
bo prepared from ordinary tap water by passage through both cation- and anion- 
exchange resins. This water was found to be suital)lc for use in plant nutritional 
studies. 

The cost of purifying our local tap water with equipment having a capacity 
of 300 gallons an hour, not considoiing the original investment, is estimated at 
somewhat less than 0.1 cent a gallon. 



THE ACTIVITY OF SUBSURFACE SOIL POPULATIONS^ 

A. S. NKWMAK and A. O. NOItMAN* 

Iowa Agricultural Experiment Station 
Received for publication January 7,1943 

Soil organiHHis in general exhibit considerable versatility in performance and 
viability through periods of physical adversity, such as desiccation, watei*logging, 
or freezing. In the words of Cutler and Crump (1), . .a population has been 

developed by evolution which is on the whole so unspecialized that almost any 
substance that finds its way into the soil either naturally or as a result of agi*i- 
cultural practice will eventually be incorporated in the general soil economy.” 
Almost all researches on soil populations have been carried out on the organisms 
from surface or A horizon samples. Since the normal diet of the subsurface soil 
population is composed of soluble or dispersible products carried down from the 
A horizon or of root-derived material, or of both, the versatility of the popula¬ 
tions in the B and C hoiizons may not be so great. Yet by erosion the subsur¬ 
face hoiizons arc exposed, in which case they then receive a different type of 
energy material, namely, agricultural residues. For this reason it is pertinent 
to know the adaptability of microorganisms in the B and C horizons in the de¬ 
composition of plant residues. 

Information as to the potentialities of the subsurface populations is not given 
by the analytical type of bacteriological investigation in which isolation and 
classification arc the main objectives, nor is much direct help provided by 
quantitative studies in the fonn of plate counts. 

As reported in a previous publication (3) on the activity of the microflora 
in various horizons of several soil typ^, the amount of CO 2 evolved from incu¬ 
bated soil samples was found to decrease with depth and the maximum rate of 
CO 2 evolution to occur during the first day in almost all instances. On addition 
of 1 per cent cornstalks to these soils the peak rate of CO 2 evolution was attained 
more and more slowly with increasing depth and also the rate at the maximum 
decreased, in general, with depth. This was believed to be due not only to a 
progi-essive reduction in the size of the population, but also to a decrease in 
adaptability to the organic matter added. The differences were large. For ex¬ 
ample, the total amount of C ()2 evolved from 100 gm. soil plus cornstalks during 
14 days’ incubation ranged from 1048 mgm. for an A horizon Fayette sample to 
252 mgm. for a B 3 horizon Marion sample. It was suggested that the difference 
in the potentialities of the populations in the several horizons w’as due to the 
existence of an interrelationship betw^een the stable microfiora and the amount 
and the availability of the soil organic matter present. 

The purpose of the study reported here was to investigate further the reasons 
for the observed differences in microbial activity within the profile and for the 
apparent decline in versatility and adaptability with depth. 

1 Journal paper J-1080 of the Iowa Agricultural Experiment Station, Ames, Iowa. 
Project 690. 

* Fonnerly research fellow, and research professor of soils, respectively. 
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EXPERIMENTAL 

Most of the profiles usmI in these studies have been described (3). The soil 
uumber in the Iowa collection and the horizon and depth of soil samples used 
arc as follows: 


SOIL 

NIIMBLR 

W)RI/OI 





inches 

Marshall silt loam 

P54 - 1 

A 

0- 2 


- 6 

A 

16-20 


- f) 

C 

30-36 


- 10 

C 

36-43 


- 12 

C 

50-58 

Fayette silt loam 

P109- 3 

Ai 

0- IJ 


- 9 

B, 

18-24 

Marion silt loam 

P8 - 1 

A, 

0- 6 

Clarion silt loam 

P55 - 1 

A, 

0- 3 

Clinton silt loam 

359 

Ai 

0- 3 

Clinton silt loam 

362 

A 

0- 3 

Shelby loam 

363 

A 

0- 3 

Lindley loam 

364 

A 

0- 3 


Evolution of COs from soils plus complete or water-extracted comstedks 

On the addition of cornstalks to soil, the rate of CO 2 evolution reaches a 
maximum usually within the first 24 to 48 houm and thereafter declines sharply. 
Information as to that fraction of the cornstalks contributing largely to this 
peak was obtained by comparing the CO 2 evolution from the original coiiistalks 
and from hot-watei^xtracted comstalka in three different surface soils (fig. 1). 
The analyses of the cornstalks employed are given in table 1. In each case, I 
gm. of the sterile organic material in 100 gm. of soil was used. To ensure a 
sufficiency of nitrogen, enough ammonium sulfate was added to bring the total 
nitrogen level up to 1.75 per cent of the complete or the extracted coraistalks 
present. 


T.tBLR 1 

Chemical analyses of cornstalks used in carbon dioxide evolution experiments 


CONSTITUENT 

PER 

CENT* 

Total nitrogen. 

1.26 

Total carbon. 

43.40 

Cellulose. 

45.16 

Lignin. 

16.16 

Furfuraldehyde yield 


From original cornstalks. 

16.51 

From cellulose. 

8.94 


CONSTITUENT 

PER 

CPNT* 

Xylan in cellulose. 

13.86 

Soluble in hot water. 

20.18 

Soluble in hot 3 per cent HgSOi. 

42.34 

Furfuraldehyde yield 


From residue of hot-water extrac¬ 


tion . 

14.97 

From residue of hot 3 per cent H 2 SO 4 


extraction. 

8.13 


* Of oven-dry material. 




















SUBSDBX’ACB SOIL POFDLA.TIONS 


379 


The peak COj evolution occurred during the first day from soil plus cornstalks 
and on the third day from soil plus esctracted cornstalks. Not only was the time 
lengthened to attainment of the peak rate but also the magnitude of the rate at 
the peak was much reduced by hot-water extraction. This must mean that the 
initial hi^ peak rate of COj evolution from soil plus cornstalks is largely at the 
expense of the water-soluble constituents, which comprise about 20 per ceat of 
the total cornstalks (table 1). The ddayed peak previously reported in the 
Marion and Fayette subsinface samples is thus the more remarkable since it 
indicates that up to 3 days was required to build up a population capable of 



Fia. 1 Fig. 2 

FlO. 1. EiVUGT 07 WmUBVL £xXBA.OTION 07 Ck>BNSTALKS ON HoUBIiT IUtSS and CvMXTLATIVEl 

Totals 07 Gabbon Dioxide Evolved tbom Sitoh Plant Matebial Incokpobated 

IN Teoiee Sttbface Soils 

Fig. 2. Effect of Addition of Mabssall Subface Soil ob Sdbfacb Soil Suspension on 
Cttmclattve Totals of Gabbon Dioxide Evolved fbou Gobnstales Inoobpobated 
IN Mabbhall SxrBSTrBFACE Soil @6-43 Inches) 

rapidly decomposing even the presumably hi^y available wator-soluble con¬ 
stituents. The significance of this will be discussed later. 

Evolution 0 / C0» from mAsutface soils ^us comstdSks to which surface soil or Perils 
and nmsterUe surface soil suspensions had been added 

The inabilily of the subsurface samples rapidly to b^in the decomposition 
of added cornstalks led to the belief that the populations of such samples were 
quantitativdy smaller than those of the surface samples. Further, since the 
rate of CO 2 evolution dropped rapidly after the peak was attained and the total 
evolution was much lower, the subsurface populations must also differ greatly 
qualitatively. If these assumptions are correct, the addition of a small amount 
of surface soil or surface soil suspension to subsurface soils plus cornstalks, by 
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introducing a more vigorous flora, should cause a large increase in CO 2 produc¬ 
tion on incubation of the samples. 

The results of an experiment testing the inoculation of subsurface soil with 
surface soil are given in figure 2. If surface soil was used, 2.5 gm. was ground 
to pass a 20-mesh sieve and mixed thoroughly with 47.5 gm. of the subsurface 
soil. If surface soil suspension was used, surface soil groimd to pass a 20-mesh 
sieve was shaken with water, and an aliquot representing 2.5 gm. of soil was 
added to 50 gm. of subsurface soil. Before addition of any moisture, 0.5 gm. 
of cornstalks was thorou^y mixed with the soil. Since nitrogen mi^t be a 
limiting factor in the decomposition of cornstalks in subsurface samples, 1 per 
cent nitrogen as (NH 4 ) 2 HP 04 on the basis of the cornstalks was added in solution 
to a duplicate set of samples. The cornstalks initially contained 1.26 per cent 
nitrogen (table 1) which is believed to be adequate for normal aerobic decompo¬ 
sition in the absence of soil. The moisture content was brought up to optimum 
in all instances. 

The first point of note from these curves is the increase in CO 2 evolution caused 
by the addition of inorganic nitrogen, particularly after the fifth day of incuba¬ 
tion. In all subsequent experiments of this series additional nitrogen was 
added to bring the nitrogen level up to 2.26 per cent on the basis of the corn¬ 
stalks. 

The inoculation of the subsurface sample of Marshall silt loam (P54-10) with 
the surface sample (P54-1) stimulated CO 2 production slightly though not to 
the extent that mi^t have been expected had the introduced topsoil population 
behaved as it did alone. The total CO 2 production was still much below that 
evolved from P54-1 with cornstalks, if the amount originating from the soil 
organic matter is taken into consideration. Almost half the increase in the CO 2 
evolution by this treatment in 14 days’ incubation can be accounted for by the 
CO 2 evolved from the soil organic matter in 2.6 gm. of P64-1. 

To test further the possibility of inoculating subsmface soil with surface popu¬ 
lations, Marshall silt loam (P54-10) was inoculated with soil, soil suspension, 
and sterile soil suspension from several diflorent surface soils according to the 
procedure described for the last experiment. Sterile surface soil suspensions 
were included to control any possible effect of nutrients introduced with the 
soil suspention as distinct from the effect of the populations. Although excel¬ 
lent agreement was always obtained between duplicates in the experiments 
previoudy reported, the duplicates in the inoculation 6:q)eriments were not 
always so good. Typical results obtained with two soils are given in table 2 as 
cumulative totals at various intervals. If the average CO 2 production had been 
plotted as time-rate curves, erroneous conclusions mi^t have been reached. 
The addition of surface soil caused increases in CO 2 evolution in both cases, but 
the magnitude of these was far less than might have been expected. In neither 
case did the additions of suspensions of surface soils cause a clear-cut increase in 
CO 2 production. The additions of sterile suspensions, on the other hand, caused 
a definite depression in the CO 2 production for the first few days of the incuba¬ 
tion. This effect, however, did not continue, and after 40 days the totals were 
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not significantly different from the control subsurface sample. The time elaps¬ 
ing until the occurrence of peak COj evolution was reduced by the additions of 
surface soils, but was not consistently affected by addition of either the sterile 
or the nonsteiile surface soil suspenrions. 

From the last two experiments, it was apparent that the introduced popu¬ 
lations from surface soil did not cause a rapid decomporition of cornstalks in 
a subsurface soil environment. There was still the possibility that this was 
due to the introduction of too small a number of organisms. To determine 
whether this was the case, 5 gm. of each of several surface soils was added to 95 gm. 

TABLE 2 


Evclvtion of cation dioxide from Marehall stibsvrface sample plus eomstalke with addition of 
surface soil or sterile and nonsterUe surface soil suspensions 


70B1C 07 SOIL nrocoLinc 

COs EVOLVED* DOEIKO IKCDBATIQH 

Tnne o:p 
PEAK 

SAIE AT 
TEAS 

1 day 

3 days 

Sdays 

14 days 

40 days 


wgtn. 

mgm. 

mgm. 

f»gm. 

mgm. 

trs. 


None 

11 

70 

124 

184 

310 

36 

1.9 


10 

65 

122 

181 





Marion sUt loam (P8-1) 


Soil 

19 

78 

150 

202 

325 




13 

67 

144 

197 

317 

30 

1.5 

Soil suspension 

8 

59 

134 

197 

311 




13 

64 

139 

200 

322 

36 

1.4 

Sterile soil suspen¬ 

6 

55 

120 

183 

307 



sion 

4 

57 

121 

184 

302 

36 

1.9 


Clarion sUt loam (PSS-l) 


Soil 

33 

97 

■9 

219 





24 

99 

■9 

225 


24 

2.0 

Soil suspension 

13 

66 

128 

183 





9 

56 

129 

195 


30 

1.5 

Sterile soil suspen¬ 

3 

50 

114 

180 

297 



sion 

6 

51 

116 

172 

280 

36 

1.7 


* On basis of 0.5 gm. cornstalks, 50 gm. air-diy P54-10 and suspenmon from 2.5 gm. 
surface soil, or 47.5 gm. P54-I0 and 2.5 gm. surface soil. 


of sterile quartz sand plus 1 gm. of cornstalks, and surface soil suspenrions equiva¬ 
lent to 5 gm. of the respective surface soils were added to 100 gm. of sand plus 
1 gm. of cornstalks. The moisture was made uniform at the optimum levd. 
Determinations of CO* production were made frequently, but only the total COs 
evolution at 14 dasns, the time of the peak, and the rate at the peak are ftiiown 
in table 3. 

Inoculation by addition of either soil or soil suspension provided a population 
large enou^ to decompose the cornstalks rapidly. There was no evidence that 
inoculation by direct addition of soil was superior to the inoculation by means 
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of a suspension. In fact, there was some evidence that the suspension popula¬ 
tion was superior at the beginning, since the peak rate in every case was higher 
than that for the corresponding soil inoculation. 

Since the soil or soil suspension inoculant carried a sufficient population for 
rapid and extensive decomposition, there must have been some factor in the 
subsurface sample (P54-10) preventing rapid development and decomposition. 

To test further the possibilities of subsurface soil inoculation with surface soil 
populations, other experiments were carried out with the Fayette 18-24-mch 
sample (P109-9). The total CO 2 evolution at several intervals, the rate of CO 2 
production at the peak, and the time of peak CO 2 production from this sample 
plus cornstalks inoculated with three different surface soils, soil suspensions, 
and sterile soil suspensions are given in table 4. The inoculation with surface 
soil caused increased CO 2 production over the control, though the increase was 
by no means the amount that might have been expected from the data on corn¬ 
stalk decomposition in sand inoculated similarly. The soil suspensions did not 

TABLE 3 


Evolution of carbon dioxide from cornstalks in sand with addition of surface soil or surface 

soil suspension 


SOUSCE 0? 
IK0CUL41I0N 

SOIL ADomoir 

SnSFEKTSION ADDITION 

Total CX)* evolved* 

Time of 
peak 

Bate of 
peak 

Total COi evolved* 

Time of 
peak 

Rate of 
peak 


mgm. 

mgm 

hrs. 

mgm /hr. 

mgm. 

mgm 

hrs. 

mgm./hr. 

P109-3 

528 

544 

25 

4.2 

538 

587 

25 

6.0 

P55-1 

518 

547 

25 

4.7 

517 

519 

25 

4.9 

P64-1 

591 


25 

5 0 

598 

540 

25 

5.5 

359 

610 

540 

25 


476 

516 

25 

5.2 

P8-1 

501 

491 

25 1 


506 

518 

24 

5.5 


* On basis of 1 gm. cornstalks, 100 gm. sand, and suspension from 5 gm. surface soil for 
14 days’ incubation. 


cause an increase in CO 2 production, and in fact for the first 8 days a slight 
depression due to the inoculation was suggested. The sterile suspension had no 
apparent influence either in increasing or in decreasing the decomposition (table 
4), whereas the sterile suspension added to P54-10 (table 2) caused a definite 
decrease in CO 2 production during the first few days of incubation though not 
at 40 days. There was a decrease in the time elapsing before the peak rate of 
evolution was reached, and the peak rate itself was increased by surface soil 
addition to the Fayette subsurface sample, but these effects were not manifest 
when additions of suspensions were made. 

Evolution of CO 2 from complete and cdcohol-extracted soils plus cornstalks to which 
alcohol extracts of soil had been added 

The introduction of surface soil populations into subsurface soils was not fol¬ 
lowed by the increase in microbial activity that would have been expected had 
the introduced population established itself. The data are explainable, however, 
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on the assumption that there may be microbially produced substances in soil 
preventing the growth or delaying the development of introduced organisms. 
Studies on the effect of alcohol extracts of soils on the growth of bacteria and 
fungi, discussed hereinafter, also point to the same possibility. Almost aH of 
the microbially produced bacteriostatic and bactericidal compounds are only 


TABLE 4 

Evolution of carbon dioxide from Fayette eubsurface sample pVae cornstalks with addition of 
surface soil or sterile and nonsteriU surface soil suspensions 


rOEH OF SOIL INOCOLOll 

CO 2 EVOLVED* DTJSING INCUBAnON 

HUE OF 
PEAK 

RATE AT 
PEAK 

1 day 

3 days 

8 days 

14 days 

40 days 


mgm. 

rngm. 

mgm. 

mgf». 

mgm. 

hrs. 

ingm.lhr. 

None 

6 

66 

159 


348 




4 

56 

145 


333 

42 

1.6 

Clarion silt loam (PS6-1) 

Soil 

1 

19 

86 

187 

244 

369 




13 

82 

190 

251 

376 

36 

1.8 

Soil suspension 

6 

53 

137 

199 

316 




3 

54 

137 

198 

320 

42 


Sterile soil suspen¬ 

4 

61 

151 

210 

331 


■■ 

sion 

5 

60 

160 

223 

342 

48 

H9 


Fayette silt loam (PlOBS) 


Soil 

17 

87 


242 

375 




21 

90 


248 

383 

24 


Soil suspension 

4 

53 


188 

313 


mU 


4 

55 


203 

329 

42 


Sterile soil suspen¬ 

6 

61 


221 

337 


m 

sion 

4 

54 

145 

203 

331 

48 

mm 


Marion silt loam (PS-l) 


Soil 

11 

80 

179 

247 

389 




12 

76 

179 

242 

376 

36 

1.8 

Soil suspension 

6 

64 

160 


326 




6 

63 

152 


324 

42 


Sterile soil suspen¬ 

15 

79 

172 

229 

335 


wm 

sion 

6 

59 

143 

204 

326 

36 

■9 


* On basis of 0.5 gm. cornstalks, 50 gxxi. air-dry P109-9 and suspension from 2.5 gm. 
surface soil, or 47.5 gm. P109-9 and 2.5 gm. surface soil. 


slightly soluble in water but are soluble in organic solvents. Insolubility in 
water may also be a property of any substances of this type present in soils. 

A part of an extensive experiment to test the influence of alcohol extracts of 
soil on the decomposition of cornstalks in sand or in sand plus complete or 
alcohol-extracted soil is outlined in table 6. The alcohol extract of 25 gm. of 
soil was added to 0.5 gm. of cornstalks on top of the sand or extracted soil in 
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quart milk bottles. The alcohol was evaporated at 70®C., and the last traces 
were removed by oven-heating at 95®C. for 1 hour. The extracted soil-sand 
mixture or sand with alcohol extract and cornstalks was sterilized by autoclaving 
for 1 hour. Complete soil was added to those receiving this addition, all were 
thorou^y mixed, and sterile (NH 4 ) 2 HP 04 solution together with soil suspension 

TABLE 5 


Evolution of carbon dioxide from cornstalks in sand or in sand plus complete or alcohol- 
extracted soil with and without alcohol extract of soil 


Mine- 

BEX 

WEIGEBT 
07 SAND 

SOCXCB 07 son* 

SOOBCB 07 

son. 

SXTS7ENS10N 

SOtlXCE 

07 ALCOHOL 
EXISACI 

COs EVOLVEDt DOBING 
XNCOBATIQN 

nmifir. 

07 PEAS 

RATE 

07 PEAK 

1 

day 

3 

days 

8 

days 

14 

days 

40 

days 






mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

krs. 


115 

50 

None 

P109-3 

None 

12* 

57 

145 

215 

317 

48 







13 

55 

133 


297 



117 

50 

None 

P109-3 

P109-3 

6 

37 

94 

183 


48 







5 

41 

96 

mm 




127 

50 

None 

P109-9 

None 

1 

■?i] 

mm 

146 

207 

72 







3 

57 

112 

154 

213 



129 

50 

None 

P109.9 

P109-9 

4 

35 

77 

mm 

mm 

48 







2 

34 

84 

128 

211 



137 

50 

None 

P109-3 

P109-9 

13 

53 

118 

168 


48 

0.9 






12 

46 

IB 

B 

262 



121 

25 

C. P109-3 

None 

None 

48 

145 

267 

381 

548 

48 

2.2 






61 

152 

'mm 


564 



119 

25 

E. P109-5 

P109-3 

None 

18 

122 

256 


ES 

48 

2.4 






17 

129 

272 


569 



123 

25 

C. P109-3 

None 

P109-3 

38 

146 

289 

398 

567 

48 

2.3 






43 

147 

279 

394 




133 

25 

C. P109-9 

None 

None 

1 

44 

B 

153 

236 

72 

1.0 




1 


4 


113 

mm 

235 



131 

25 

E. P109-9 

P109-9 

None 

3 

28 

86 

116 

157 

72 

0.7 






2 

20 

73 


173 



135 

25 

0. P109-9 

None 

P109-9 

1 

32 

96 


217 

72 

0.7 



i 



1 

B 

84 

128 




141 

25 

C. P109-9 

P109-3 

None 

9 

61 

137 


273 

48 

1,3 






7 

57 

127 


251 



143 

25 

C. P109-9 

P109-3 

P109-9 

6 

49 

106 

165 

245 

48 

1.1 






5 

45 

107 

172 

255 




* Weight of soil, 25 gra. C. = complete; E. » extracted. 

t On basis of 0.5 gm. cornstalks in 50 gm. sand, or 25 gm. sand plus 25 gm. soil. Extract 
and soil suspension from 25 gm. soil. 


inoculum, i£ required, was added. The soil suspension inoculum represented 
25 gm. of soil. The moistxnre was brought up to the optimum with sterile water. 
All reasonable care was taken to prevent contamination during the incubation. 
Some of the conclusions that may be drawn from the data in table 5 follow: 

The Fayette surface soil populalion (P109-3} was composed quantitatively and qualita¬ 
tively of organisms better adapted to decompose cornstalks in the sand environment than 
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was the subsurface population (P109-9), as shown by greater total CO 2 evolution and by the 
shorter length of time to attain peak CO 2 evolution (numbers 115 and 127). 

On the addition of alcohol extracts of either soil to its respective populations in the sand 
environment, CO 2 evolution was reduced (numbers 117 and 129). 

The alcohol extract of P109-9 decreased CO 2 production by the population of P109-3 
in sand environment almost as much as did the alcohol extract of its own soil (numbers 137 
and 117 compared with 115), though the depression in CO 2 evolution by the alcohol extract 
of P109-9 on the populations of P109-3 was not apparent during the early part of the incuba¬ 
tion period. 

Carbon dioxide production from soil P109-3 alcohol-extracted and reinoculated with 
its own population (number 119) did not differ significantly from that of the complete soil 
(number 121) except during the first part of the incubation period, when the difference was 
probably due to the relatively smaller numbers of organisms reintroduced into the ex¬ 
tracted soil. 

The addition of an alcohol extract of P109-3 to complete P109-3 resulted in no reduction 
in activity (numbers 123 and 121). 

An alcohol extract of the subsurface soil P109-9 reduced the activity of the population of 
P109-9 in its normal environment (numbers 135 and 133). 

The addition of an alcohol extract of P109-9 reduced the activity of the surface soil popu¬ 
lation when introduced into P109-9 (numbers 143 and 141). 

These experiments were interpreted as supporting the view that soils may con¬ 
tain inhibitory substances, the effect of which is to delay or reduce the utilization 
of added energy material if the population present or introduced is not adapted 
to the environment containing these substances. In the particular experiments 
presented here, the Fayette surface soil contained an alcohol-soluble substance 
which depressed the activity of another population but was without apparent 
effect on its own population. In the subsurface soil, on the other hand, some 
effect of the alcohol extract was manifest also on its own population. 

Influence of water extracts of soil on soil organisms in vitro 

Substances that may be toxic or inhibitory to organisms in the soil may be 
soluble in water, in which case they would pervade the soil solution and be 
distributed throughout the film of water in which soil organisms carry on their 
activities, or if not water-soluble then they must be produced in the organic 
residues undergoing decomposition and must have only limited distribution out¬ 
side of such loci. Of the two, it might be expected that water-soluble substances 
would have the more potent effect on introduced organisms in preventing or 
delaying the establishment of a foreign population. In the studies on the 
inoculation of subsurface soil with surface soil suspensions there was limited 
evidence of the existence of water-soluble inhibitory substances, in that CO 2 
evolution was reduced in the first few hours after addition. Attempts were 
therefore made to extract from soils water-soluble substances that might affect 
the growth of microorganisms on plates. The aqueous extracts used in plate 
counts were prepared by shaking soil with water, centrifuging to remove the soil 
particles, and concentrating under reduced pressure at 50°C. The addition to 
Thornton’s agar medium of several extracts of this type, representing 2.6 gm. 
of soil per plate, in only one case resulted in a depression in bacterial numbers 
developing from a suspension of a Marshall 16-20-inch sample (P54-6). The 
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autoclaved aqueous extract of the surface Clarion sample P55-1 caused a statis¬ 
tically significant decrease in numbers of bacteria, but an extract of the same 
sou. sterilized by passage through a Berkfeld candle had no effect. Either the 
inhibitoiy principle was absorbed during the filtration or else was formed during 
the heat sterilization. 

Aqueous extracts of air-dried surface soils (P55-1 and P8-1) and of fresh in¬ 
cubated Clarion sUt loam, representing 2.5 gm. of soil in 10 ml. of broth, were 
used in pure cultural turbidimetric experiments. Each aqueous extract was 
incorporated into a medium having the following composition: glucose, 5 gm.; 
peptone, 5 gm.; K 2 HPO 4 , 1 gm.; MgS 04 , 0.5 gm.; FeS 04 , trace; water extract of 
soU, 1000 ml. 

The reaction was adjusted to pH 7.6. Normal and soU extract broths were 
sterilized by passage through Berkfeld candles. The growth of bacteria in this 
medium was determined by turbidity measurements with the Evelyn photo¬ 
electric colorimeter using filter number 520. 

The organisms used in these studies were some of the more abundant bacterial 
species developing on Thomton^s agar medium, which had been inoculated with 
a suspension of the Marshall 16-20-inch sample (P54-6). The bacteria were 
further selected on the basis of rapidity of growth and devdopment of turbidity 
in normal glucose-peptone broth. The water extract of air-dried surface soils 
P8-1 and P55-1 had no influence on the growth of a number of these organisms 
isolated from P54-6. These results are in accord with the findings of other 
investigators including Grieg-Smith (2), who noted that air-drying destroyed 
water-soluble toxic substances present in soH, and Rybalkina (4), who found that 
the soil solution might exhibit either depressing or stimulating effects on CO 2 
production by Bacillus mycoides in meat-peptone broth according to the condi¬ 
tions of temperature and moisture prevailing. 

Grieg-Smith (2) many years ago observed that incubation at moderate mois¬ 
ture and temperature levels increased the toxicity of soil to Bacillus jyrodigiosus. 
The water extract of a fredaly sampled Clarion surface soil incubated for 16 days 
at 25°C. was tested for its inhibitory action upon organisms isolated from P54-6. 
The extract inhibited the growth of only one organism (table 6). The rate of 
growth of this organism, number 1, was decreased during the first part of the 
incubation period but not during the latter part. 

A water extract of Clarion soil, to which sucrose at the rate of 0.675 gm. per 
100 gm. soil had previously been added and which had then been incubated at 
25°C. for 1 month at optimum moisture content, caused a slight stimulation of 
bacteiial growth. This stimulation of growth could hardly be due to sugar 
unutilized by the bacteria during the incubation period. It is, of course, possible 
that growth stimulants as well as growth inhibitors might be formed in soil by 
microbial activity. 

Influence of alcohol extracts of soil on soil organisms in vitro 

Inasmuch as no clear-cut evidence of the general presence of water-soluble 
inhibitory substances was obtained, a series of studies was made on the effects 
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of the presence of alcohol extracts from soils on plate counts of soil bacteria, 
pure cultural growth of bacteria, and growth of soil fungi. The soils were ex¬ 
haustively extracted with absolute ethyl alcohol in either a Soxhlet or a Bailey- 
Walker extractor. Aliquots of the alcohol extract of soil were added to water, 
and the alcohol was evaporated off. Controls were prepared by adding alcohol 
to water and treating in the same manner. The water suspensions of the alcohol 
extracts were diluted with sterile water and added asepticaUy to equal volumes 
of sterile double-strength Thornton’s agar medium. In all cases the alcohol 
extract produced a yellow or yellow-green turbidity in water. In a prdiminaty 
experiment the alcohol extract of 5 gm. of Clarion surface soil (P55-1) in 10 ml. 


TABLE 6 

Growth of bacteria* in gliusoee-peptone broth with and ivithoiii agmoue eaU/ract of 

Clarion surface soil\ 


TSEAXUENT 

OSGAMISIC 

GALVANOICETER DIFXESENCEt 

20 houis 

34 houzs 

46 hours 

None. 

1 

22.5 

22.5 

25.0 

26.5 

30.0 

29.0 

+ extract. 

1 

9.5 

7.5 

19.5 

20.0 

27.0 

28.5 

None. 

2 


5.0 

24.5 

23.0 

31.0 

28.0 

+ extract. 

2 

7.5 

8.5 

28.0 

29.0 

35.0 

35.0 

None. 

7 

3,5 

4.0 

7.0 

6.0 

10.0 

8.0 

+ extract. 

7 

1.0 

2.5 

6.0 

8.0 

9.0 

12.0 

None. 

6 


3.0 

5.0 

6.0 

7.0 

8.0 

+ extract. 

6 


5.0 

7.5 

7.5 

8.5 

9.5 

None. 

8 

10.5 

11.0 

19.5 

18.0 

25.5 

24.0 

+ extract. 

8 

12.5 

11.5 

19.0 

19.5 

26.0 

25.0 


* Bootoria isolated from Marshall subsurface sample. 

t Clarion soil, freshly sampled, incubated 16 days prior to extraction. Extract from 4.2 
gm- soil on dry basis per 10 ml. broth. 

t These figvircs aro tho difierences in galvanometer readings between inoculated tubes 
and an uninoculatod tube of the same medium or medium plus extract. 

of Thornton’s agar medium per plate reduced the count of bacteria in a suspen¬ 
sion of the Marshall 16-20-inch soil (P54-6) from 91 to 0. In another experi¬ 
ment the alcohol extract from 2 gm.- and 0.5 gm. of the same soil reduced the 
bacterial count from 63 to 1 and from 63 to 21 respectively. 

This last experiment ^owed that even in small quantities of soil it was pos¬ 
sible to demonstrate the presence of substances toxic to soil microorganisms. 
It appeared to be derirable to ascertain the individuality of alcohol extracts 
of the soil by testing that from one part of the profile on the bacterial counts in 
a suspension from another horizon of the same profile. The alcohol extract of 
P64-1 decreased the bacterial counts of soil suspensions from aU horizons below 

















388 


A. S. NEWMAN AND A. G. NOBMAN 


it that were tested, but it did not influence the count of its own soil (table 7). 
The alcohol extract of P54-6 decreased bacterial counts of P54-12 but not of any 
other soil. In one instance an alcohol extract increased the bacterial count 
(extract of P54-9 on PS4-6). 

The effect of alcohol extract on the pure cultural growth of bacteria was also 
determined turbidimetrically. By the use of this technique, the growth of 
organism number 1 was significantly decreased by the extract of 0.5 gm. of P55-1 

TABLE 7 


Average numbers of bacteria from soil suspensions of Marshall soil with and without 
alcohol extracts of the same soil 


SOITRCE OT 
SUSPENSION 

AVERAGE NUMBESS OP BACTEBIAt 

VLAXED 

Control 

F54-1 extract^ 

P54-6 eztractt 

P54-9 ezliactt 

P54-12 extraett 

P64-1 

75 

71 

68 

81 

70 

-6 

90 

54** 

85 

117* 

98 

-9 

55 

24** 

55 

51 

47 

-12 

117 

61** 

97* 

114 

104 


* Significant by t test in comparison with control, beyond 5 per cent level. 

*♦ Highly significant by t test in comparison with control, beyond 1 per cent level, 
t Average of seven plates. 

} Alcohol ext:r&ct from 1 gm. of designated soil per plate. 

TABLE 8 

Diameter of fungal colonies with and without alcohol extracts of surface soils 


AVESA.GE DlAlfETEX OT COLONYt 


FUNGUS 

Experiment A 

Experiment B 

1 Experiment C 

Control 

Extract 
from 1 gm. 
P5S-1 

Control 

Extract 
from 3 gm. 
PS5-1 

Control 

Extract 
from 3 gm. 
P54-1 


mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

Penicillium humicola . 

21.0 

19.0** 

23.5 

19.8** 

23.2 


Aspergillus sydowi . 

10.7 

9.2* 

13.7 


12.8 


Zygorhynchus vuilleminii . 

78.5 

78.7 

56.3t 

48.5**t 



Sporotrichum pruninosum . 

20.2 

18.7** 

24.3 

20.7** 



Monilia humicola . 

22.0 

19.0** 

27.8 

18.8** 


22.5** 


* Significant by t test in comparison with control, beyond 5 per cent level. 

** Highly significant by t test in comparison with control, beyond 1 per cent level, 
t Diameter measured on third day of incubation, 
t Average of three plates after 5 days’ incubation. 

but not by 0.25 gm. in ^ucose-peptone broth. The presence of the extract of 
1.5 gm. of this soil reduced the amount of growth by half at 36 hours according 
to turbidimetric measurements. 

The alcohol extracts of soils in general did not decrease the number of fan gi 
appeariE^ on bacterial count plates, but the normal variation in numbers of 
funp developing on such plates is large. To test the effect of alcohol extracts 
of soil on growth of fui^ in pure culture, plates of Waksman’s fungal medium 
with and without alcohol extract were inoculated with spore suspensions of five 
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soil fungi, thi'ee plates being used per fungus. Inoculation was by means of a 
loopful of the water suspension of the fungal spores to the center of the solidified 
medium. The alcohol extract from 3 gm. of P65-1 decreased significantly the 
growth of all the fungi (table 8), and the extract from 1 gm. of the same soil 
decreased significantly the growth of all except Zygorhynchus vuiUeminii. The 
alcohol extract from 3 gm. of P64:-l decreased the growth of all fungi except 
Zygorhynchus vuiUeminii, the growth of which at certain stages appeared to be 
stimulated by this extract. 


GENERAL DISCUSSION 

The character of the soil population must ordinarily depend to a considerable 
extent on the nature of the energy material available and on the prevailing 
environmental conditions. In circumstances when either of these fluctuate, it 
is probable that the normal microbial inhabitants will be both more varied in 
type and more versatile in individual abilities than when the enei^ material 
is not added sporadically and is relatively uniform in character. The latter is 
the case in most subsurface horizons, and as a result, thme is likely to develop 
therein a rather stable population characteristic of each particular locus. These 
differences have been demonstrated by comparison of the rates and amounts of 
carbon dioxide evolved on addition of a common energy source. Surface popu¬ 
lations invariably accomplished rapid and extensive utilization of the added 
cornstalks, but subsurface populations desdt far less readily with this material 
despite the presence of an appreciable water-soluble fraction that would ordi¬ 
narily be considered to be hi^y available. The introduction of surface popula¬ 
tions into subsurface samples was not followed by the substantial increase in 
activity that mi^t have been expected had the new population supplanted the 
old. Some factor appeared to be restraining or delaying the rapid onset of de¬ 
composition, and it is su^ested that this is due to the presence of bacteriostatic 
or inhibitory agents produced by the indigenous population and, to some extent, 
probably characteristic of it. 

Great interest has been aroused in recent years by the isolation of antibiotic 
substances of varying degrees of potency produced by soil organisms in the media 
in which they have been cultured. The subject has been fully reviewed by 
Waksman (5, 7). Because of the clinical possibilities, almost all the work on 
these antibiotic agmts has been directed to their effect on pathogenic organisms 
not normally found in soil. Numerous examples of apparently antagonistic 
relationships between organisms in soil have, however, been described, mostly 
with fimgi, and by workers interested in the control of soil-borne plant patho¬ 
gens. Some success has followed the attempt to suppress the more specialized 
root-parasitic pathogens by increasing substantially the saprophytic organisms 
throu^ addition of particular kinds of crop residues; the effect is believed to be 
due to the antagonistic action of one or more of the saprophytic species thus 
favored. These examples, however, are limited in scope, and no well-defined 
case of antagonism between populations concerned in the normal and essmitial 
microbial transformations in soil has been described, nor have the microbiologi¬ 
cal hnplications of the formation of antibiotic substances in soil been fully dis- 
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cussed. Waksmau and Woodruff (6) demonstrated the rapid disappearance of 
coliform organisms introduced into soil, and they extracted from soils an ether- 
soluble substance that was inhibitory on plates to B. subtiUs and Sardna lutea 
but not to E, coli (8). The addition of a lai’ge amount of actinomycin to soil, 
however, brought about not a decrease but an increase in the bacterial and fungal 
populations according to plate counts. They concluded that even though soil 
organisms may produce in liquid media and in pure culture toxic substances of 
the nature of actinomycin their action in soil “upon the majority of soil organisms 
is rather limited.” 

Any active population consists of a variety of individuals the separate capa¬ 
bilities of which fit together in such a way that the energy material available is 
utilized efficiently. If the supplies of energy material are relatively constant in 
composition, as may be the case in certain subsurface soils, there may develop 
for nutritional reasons a population which does not exhibit a high degree of 
versatility. In addition, perhaps some members of the population may produce 
antibiotic substances, in which case the other members of the population would 
be presumed to be organisms not affected by these particular inhibitors. Intro¬ 
duced organisms would be likely to maintain themselves only if they accom¬ 
plished as well or better some step in the sequence of transformations by which 
the energy material is utilized, and were unaffected by any inhibitory substances 
that might be present. Excessive accumulation of inhibitors is not probable, 
because this class of substance has been shown to be selective in its action (9). 
Organisms that are unaffected may well utilize the inhibitor as an energy source, 
and so tend to offset the suppressive effect of the inhibitor. Whether or not 
introduced populations may establish themselves then will depend on several 
factors, among which are (a) their ability to utilize the energy material of the 
new environment more efficiently than the indigenous population if no inhibitory 
substances are present, (6) their ability to utilize the energy material more effi¬ 
ciently than the indigenous population even if inhibitory substances repress 
temporarily or permanently the growth of some of the species introduced, (c) 
the ability of that part of the population unaffected by inhibitory substances to 
remove these substances and so permit the development of the organisms at 
first suppressed. 

It is now recognized that the capacity to produce antagonistic substances of 
varying degrees of potency is widely distributed among soil microorganisms 
and is not limited to a few specialized forms (8). The corollary of this is that 
any population in an environment that is nutritionally unvarying will tend to 
stabilize itself, and because of the inhibitors produced, to resist colonization by 
other forms. The persistence of a particular organism when the conditions that 
initially caused it to become dominant no longer prevail, may be affected simi¬ 
larly. The maintenaiice or disappearance of rhizobia following removal of the 
legume crop provides a case that might well be investigated from this point 
of view. 

To the picture presented, an additional factor ought to be added which in¬ 
creases the complexity of the problem and about which no information has 
been sought. Just as there are organisms producing inhibitory substances that 
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may adversely aifect the development of introduced organisms, so may there be 
organisms producing microbial growth-promoting substances that are essential 
for the rapid growth of certain forms. In general, soil organisms do not seem 
especially dependent on vitamins, coenzymes, and the like, but nevertheless 
some of these substances are required. They may perhaps be supplied more 
readily from dead naicrobial tissues than from living cells. Rapid colonization 
may depend therefore not only on the absence of antibiotic substances but also 
on the presence of appropriate growth-promoting substances. 

SUMMARY AND CONCLUSIONS 

Subsurface soil samples contain microbiological populations that are smaller, 
less versatile, and less adaptable than surface soil popidations. Introduced plant 
material is decomposed less rapidly and less extensively. The introduction of 
surface soil populations by addition of inocula of soil or of soil suspension is not 
followed by the increase in activity that would be expected. The same inocula 
in sand accomplish rapid decomposition of plant material. Some factor in the 
subsurface samples prevents the rapid development of the introduced organisms. 
Evidence is given supporting the view that antibiotic or inhibitory substances 
are responsible for this effect, and the theory is presented that these substances 
are of microbial origin. 

Aqueous extracts of soil do not adversely affect the growth of soil bacteria 
in vitro, but alcohol extracts may reduce the activity of the organisms in soil, 
the development of bacteria in liquid culture or on plates, and the rate of growth 
of fungi on plates. 

The factors affecting the development of subsurface soil populations are 
discussed. Because the nutritional conditions vary little, and because of the 
presence of inhibitory agents, subsurface populations tend to stabilize themselves 
and to resist displacement or colonization by other introduced forms. 
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That oi^aoic constituents which may stimulate but are not essential for the 
gro^vth and metabolism of Azotobacter chroocoeeum occur in soil appears evident 
from numerous experiments. For example, ashed soil extract iisually increases 
nitrogen fixation less than does unashed soil extract. The potency of the stimu¬ 
lant varies with the specific soil from which the extract was obtained and with the 
microorganisms on which it is tested. It is most efScient when obtained from 
hi^y fertile calcareous soil and least efficient when obtained from some alkali 
soils. Extracts of grains and plants also have this characteristic (3). 

Greaves, Jones, and Anderson (5) grew A. chroococcum in a molybdenum-free 
basal medium containing certaia amino acids. Only six of the fifteen amino acids 
tested materially increased nitrogen fixation, and even these gave no evidence 
of being essential. Serum albumin or casein added to the basal medium in¬ 
creased nitrogen fixation to a greater extent than did the amino acids. Casein 
in some cases increased fixation over 200 per cent. Carefully dialyzed casein 
also increased fixation, but not to the extent of the undialyzed. 

Hervey and Greaves (6) found that heat-ldlled suspensions of Colpoda when 
inoculated into A. chroococcum cultures in small quantities stimulated nitrogen 
fixation to the same extent as did living protozoan cdls. The stimulant is not 
destroyed at a temperature of 65° C. for 30 minutes, but is inactivated by heating 
hours at 10 pounds’ pressure. It need be present only in minute quantities. 
Seitz filtrates of the substance have no stimulating effect, indicating that the 
substance may bo an organic coUoid. The stimulation is exerted even though the 
A. chroococcum is cultured in a medium containing molybdenum. 

Greaves and Bracken (4) determined the nitrogen-fixing powers of numerous 
alfalfa and virgin soils in Cache and Juab Counties by inoculatii^ the samples 
into a standard liquid medium. Statistical anal 3 rsis showed a highly significant 
difference in favor of alfalfa soil in the first, second, and third foot depths. Con¬ 
sequently the conclusion was drawn that alfalfa, when grown on soil, either in¬ 
creases the number or the physiological efficiency of the nitrogen-fixing microflora 
of the soil. It is not clear from the data presented whether the increased activity 
was due to a better source of carbonaceous material, the draining from the soil 
of its soluble nitrogen, the physical action of the alfalfa plants upon the soil mak¬ 
ing it better suited to nonsymbiotic nitrogen fixers, the excreting of organic sub¬ 
stances that provide a source of energy for the bacteria, or the production of ac¬ 
cessory food substances that are unessential yet increase nitrogen fixation. 

Greenhouse experiments (4) on soil from a permanently fallow plot at the 
Nephi Dry-Land Substation (Juab County) mixed with varying quantities of 

393 



394 


li. W. JONES AND J. B. GBBAVBS 


finely ground l^ume and nonlegume residues kept bare showed that the alfalfa 
residues increased the nitrogen fixation of the soil 48 per cent over that of similar 
soils which had received other legume residues, and the annual gain in nitrogen 
was 15 pounds per acre more than that m soils which had received no plant 
residues. 

Numerous field and laboratory tests have demonstrated that both nitrogen 
fixation and nitrification are more active in soils producing alfalfa than in similar 
soils not producing alfalfa (4). This difference is perceptible some tune after 
the soil has been planted to other crops. 

There is a greater microbial population in the vicinity of plant roots than 
elsewhere in the same soil, and this is occasionally fifty times as great in the 
viemity of l^umes as it is in the vicinity of nonlegumes (22). These differences 
have been ascribed to: (a) the deposition of the epithelial cells of the growing 
roots and the dead parts of the roots; (5) excretion by the roots of 
readily assimilable organic substances; (c) excretions by the roots of accessory 
food substances; (d) excretions of organic acids and carbon dioxide, which change 
the reaction of the soil solution and the solubility of certain soil constituents; (c) 
modification of the structure of the soil, thus making it a more favorable medium 
for the growth of microorganisms. Kostychev (11) believes it impossible that 
the enormous number of living microorganisms in the rhizosphere are dependent 
upon humus and remains of dead roots as a source of food and energy. Starkey 
(^) writes: “The extent of the effects of plants upon the soil organisms is not 
determined by the size of the different plants or by the extent of root develop¬ 
ment, but may be associated with some characteristics of the physiology of the 
plant, particularly as regards quality and quantity of root excretions.” Timonin 
(23) found that flax when grown under aseptic conditions excretes significant 
quantities of thiamin and biotin, which he believes may explain the accumulation 
of microorganisms in the rhizosphere of growing plants. 

It therefore seems permissible to conclude that alfalfa stimulates nonsymbiotic 
nitrogen fixation in the soQ and that this stimulation is not the result of a low 
soluble-nitrogen content, which would force the nonsymbiotic organisms to be¬ 
come more efficient nitrogen fixers, for stimulation continues after the legume is 
removed and occurs if l^ume residues are added to the soil. 

To obtain more ^dfic information on this subject two sets of investigations 
were conducted, in which were determined, first, the quantity of nitrogen fixed 
by -4. chroococcim in the presence and in the absence of various accessory growth 
factors, and second, the production of accessory growth factors by A. chroococeum 
when grown on media to which no accessory growth factors were added. 

EXFEBIHENTAL 

The influence of accessory growth factors on A. dvroococcum was determined 
by growing this organism in Greaves’ medium (3) without molybdenum and with 
1 p.pm. The method was as follows: Media were distributed in 100-ml, 
portions into 500-ml. Erlenmeyer flasks and autoclaved at 120®C. for 15 min¬ 
utes. The various accessory growth factors and inoculum were then added, in- 
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cubated for 15 days at 28°C., and total nitrogen was determined by the Kjddahl 
method. The heat-stable accessory growth factors were added in the various 
concentrations to the flasks of media and sterilized at IM^C. for 15 minutes. 
Heat-labile substances were sterilized by filtration, and the filtrate was added 
under aseptic conditions. 

The methods used to determine the ability of A. chroococcum to synthesize the 
accessory growth products were those of the Texas University workers (28). 
The test oi^anisms with the exception of A. chroococcum were from the American 
Type Culture collection. The A. chroococcum filtrate was prepared by seeding 
A. chroococcum into Greaves’ medium to which had been added 1 p.p.m. molybde¬ 
num. The contents of ten flasks were mixed after 15 days’ incubation, benzene 
was added, and the cultures were allowed to autolyze for 24 hours. They were ad¬ 
justed to pH 4.7 and steamed for 30 minutes. The clear filtrate, referred to as 
“Azotobacter filtrate,” was used in the various experiments. 

The chemicals used in the study were of the hipest purity obtainable.* The 
culture of A. ehroocoecim was isolated from the Greenville Experimental Farm 
soil and had been r^larly transferred in pure culture for 2 years. 

Effect of growth factors on nitrogen fixation 

The gains in nitrogen due to the specific accessory growth factors are given in 
table 1. Yeast filtrate factor at a concentration of 0.5 ml. in 100 ml. of medium 
in the absence of molybdenum increased the quantity of nitrogen fixed from 3.5 
to 12.4 mgm. The stimulation was probably caused by traces of molybdenum 
carried by the filtrate factor, as there was no increase in the presence of molyb¬ 
denum. This also is true of thiamin, which sli^tly increased nitrogen fixation 
in the absence but not in the presence of molybdenum. Ascorbic add was the 
only compound tested which increased nitrogen fixation in the presence of molyb¬ 
denum, and in this case the increase was so small that the vitamin should be con¬ 
sidered a stimulant and not a required constituent. To determine whether the 
effect of ascorbic acid might be due to its reducing effects, various reducing agents 
W'ere used. These were found to be either toxic or ,without effect. Ascorbic 
acid may act as a readily available source of energy, and the small increase in tiie 
nitrogen fixation by A. chroococcum may be the result of this factor. Hence it is 
permissible to conclude that none of the compounds listed in table 1 is essential 
for the normal growth and metabolism of A. chroococcum. Thiamin, riboflavin, 
and ascorbic acid stimulated slightly in some concentrations but no evidence 
was obtained that any of these is essential or materially increases A. chroococcum 
metabolism. 


Synthesis of growOi factors 

Microbiological methods were used to determine whether some of the accessory 
growth factors considered are synthesized by A. chroococcum and if so in what 
quantities. 

* We are indebted to Agnes Fay Morgan, of the Xlniversdty of Galifomia, for supplying 
the filtrate factor, and to E. J. Williams for supplying the folic acid. 
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The riboflavin content of the A. dvroococcum filtrate was determined according 
to the method of Snell and co-workers (28, pp. 11-13). Assays were made at 
different concentration levels. Only consistent results were used in the averages, 
which together with those given by Elvdijem (2) for brewers’ yeast, skim milk 
powder, and brewers’ grain are given in table 2. These results indicate that 100 
ml. of the A. chroococcum filtrate carries 1.6 times as much riboflavin as 1 gm. 
of brewers’ grain, 0.41 times as much as 1 gm. of skim milk powder, and 0.11 


TABLE 1 

Gain in nitrogen by Azotobacter chroococcum when cultured in media containing carious 

accessory growth factors 
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The pantothenic acid content of A. chroococcum filtrate was determined by the 
method of Pennington and co-workers (28, pp. 14-17). The average results 
for 100 ml. of A. chroococcum fiOltrate together with those reported by Pennington 
and co-workers for rice bran, dried yeast, egg yolk, and egg are given in table 2. 
Bice bran and some dried yeast carry more pantothenic acid than does 100 ml. 
of A. chroococcum extract, but if all the pantothenic acid is assumed to be con¬ 
tained within the bacterial cell, 1 gm. dry wa^t of A.chroocoecum cells carries 170 
7 pantothenic acid. Hence it is possible that A. diroococcum cells are richer 
in pantothenic acid than is dried yeast or egg and compare favorably with 
rice bran. 


TABLE 2 


Vitamin B complex found in Ajiotobacter chroococcum filtrate and other substances 


SUBSTANCE 

VITAMIN CONTENT 



Ihgm,/J00 ml. 

Riboflavin 



Brewers’ yeast. 

62.6 


Skim milk powder. 

17.0 1 


Brewers’ grain. 

4.5 j 


A. chroococcum filtrate. 


7 

Pantothenic acid 



Rice bran extract. 

161-298 


Dried yeast. 

20-80 


Egg yolk. 

47 


Eejc. 

8-32 


chroococcum filtrate. 

34 

Nicotinic add 



Com mesd. 

6.3-10.3 


Milk, fresh. 

0.84 


Yeast extract. 

665 


A. chroococcum filtrate. 


318 


The nicotinic acid content of A. chroococcum filtrate was determined by the 
method of Snell and Wri^t (28, pp. 22-23). The assays were made at different 
concentration levds, and in case of satisfactory agreements, results were aver¬ 
aged. The average results for the fOitrate and the valu^ reported by Snell and 
Wri^t for com meal, fresh milk, and yeast extract are given in table 2. The 
nicotinic acid content of A. chroococcum filtrate is far greater than that of com 
meal or fresh tnilk and nearly one half that of yeast extract. The Azotobacter 
cdls therefore appear to be considerably richer in nicotinic add than yeast cells. 
The ease with which A. chroococcum may be cultured, raises the question: May 
A. chroococcum be cultured as a source of nicotinic add? It is an oiganism eadly 
cultured on a synthetic medium and activdy synthesizes nicotinic add. 

The thiftTniTi content of A. chroococcum filtrate was determined by the method 
of Williams and co-workers (28, pp. 31-34). The results obtained for the dif- 
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ferent assay levels, given, in table 3, show rather wide variations. The average 
of 14 7 per 100 ml. of the filtrate is, however, a close approximation of the thiamin 

TABLE 3 


Vitamin B complex o/ A^otobacter cbroococcum jUtrate as determined at different assay leads 


A. ckroococcum niTRAXE veb. assay 

TUBE 

VITAMIN CONTENT OF FILTRATE 

In assay tube 

Per 100 ml. 

y 

7 

ml. 

Thiamin 

0.009 

0.0012 

13.3 

0.03 

0.0046 

15.3 

0.06 

0.0054 

10.8 

0.07 

0.010 

14.3 

0.09 

0.0144 

16.0 


Inositol 

0.3 

0,05 

16.7 

0.5 

0.07 

14.0 

0.7 

0.08 

11.0 

0.9 

0.09 

10.0 

1.1 

0.09 

8.2 

1.3 

0.13 

10.0 

1.6 

0.16 

10.7 


Pyridomn 

0,0001 


200 

0.0005 


40 

0.001 


150 

0.002 

0.0068 

340 

0.004 

0.01 

260 

0.006 

0.01 

167 

0.008 

0.0064 

80 

0.01 

0.0064 

64 


Biotin 


22 

11.0 


35 

11.7 

0.0004 

48 

12.0 

0.0006 

56 

11.2 

0.0006 

64 

10.7 

0.0007 

67 

9.6 

0.0008 

69 

8.6 

0.0009 

72 

8.0 


content. It is evident that A. chroococcum readily synthesizes thiamin, and 
according to these results its cells may be considerably richer in thiamin than are 
yeast cdls or meats. They compare favorably with wheat germ. The culture 
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medium upon which the microorganisms were grown was carefully freed of thia¬ 
min; hence the compound has been synthesized and not concentrated by the cell, 
as is the case with some inicroorganisms. This activity is not peculiar to A. 
chroococcam, however, for thiamin has been shown to be synthetized by tiie organ¬ 
isms of such biologically separated genera as Tonda, Oospora, Actinomyces, 
and four genera of Eubaderioiles (20). 

The inositol content of A. chroococcum filtrate was determined by a modifica¬ 
tion of the method of Williams and co-workers (28, pp. 27-30). The results 
obtained for the different assay levels are given in table 3. No inotitol was ob¬ 
tained when A. chroococcum filtrate was used in concentrations between 0.01 
and 0.1 ml.; hence the medium was concentrated to one fourth its original volume 
and 0.5 ml. added to each test tube. Quantities of inositol needed for the con¬ 
trols and for the A. chroococcum filtrate were added, and the volume when re¬ 
quired was made up to 2 ml. with sterile distilled water. This method permitted 
the testii]^ of 1.5 ml. of A. chroococcum filtrate. A slight stimulation of the test 
organism resulted with the hi^er concentrations. The question may be raised, 
therefore, whether this is due to inositol or to some other accessory growth factor 
supplied by the filtrate. The agreement between 0.7 and 1.5 ml. of the fiOltrate 
is fairly good. The average inositol content of 100 ml. of A. chroococcum filtrate 
is 11.5 y; therefore 1 gm. of A. chroococcum may contain approximatdy 58 y 
inositol. This value is low when compared with the inositol content of muscle 
and brain tissue, but it is evident that this microorganism S3mthesizes inositol. 

The pyridoxin content of the A. chroococcum filtrate was determined by the 
method of Williams and co-workers (28, pp. 14-17). The results, given in table 3, 
are averages of three determinations; yet they are erratic and cannot be taken as 
quantitative. The trend, however, is slightiy upward in the case of both the 
controls and the A. chroococcum filtrate. The results stron^y surest that p 3 rri- 
doxin is S 3 mthesized by A. chroococcum. Other tests indicated that the filtrate 
became toxic to this particular strain of yeast beginning at a concentration of 
0.03 ml. Whether this toxicity is due to p 3 nndoxm or to other syntiietic or 
analsrtic products is not evident from the results. 

The biotin content of A. chroococcum filtrate was determined by the method of 
Sndl and co-workers (22, pp. 18-21). As shown by the results in table 3, the 
agreements in the lower dilutions are good. The data demonstrate that A. 
chroococcum synthesizes biotin, and the concentration of biotin in dry A. chro¬ 
ococcum cells compares favorably with that in animal tissues. West and Wilson 
(26) concluded from a comparison of the growth effects of concentrations of bio¬ 
tin and coenzyme R on yeast andRhizobium that biotin and coenzyme R are prob¬ 
ably identical. The evidence is that biotin is required generally by the Clostridia 
(18); is required by the root nodule bacterium Bhizobiiem trifoKi (2), by Lacto- 
baoiUus arabinosus, and by LachhaciUus casei (21); and is a growth factor for H. 
hemolyUcus (7). Landy and Didren (12) have demonstrated that many bacte¬ 
rial species cultured in synthetic biotin-free media synthesize biotin in variable 
amounts, suggesting that biotin may be of widespread and fundam^ital im¬ 
portance. 
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DISCUSSION 

Azotobacter cam synthesize its protoplasm from inorganic nitrogen, provided 
a suitable form of organic carbon together with required mineral constituents is 
available. Findings that suggest the need for unknown accessory food sub¬ 
stances have, however, appeared sporadically in the literature. The work re- 
reported herein warrants the concludon that the following compoimds are not 
essential for normal growth and metabolism of A. chroocoecum: biotia, carotene, 
colchicine, ergosterol, filtrate factor, indole-3-acetic acid, indole butyric acid, 
7 (indole 3) n-butyxic acid, indole-3-propionic acid, inositol, nicotinamide, 
nicotinic add, pantothenic add, phenylacetic add, phenylpropionic acid, 
picoline, pimdic acid, thiamin, riboflavin, pyridoxin, and ascorbic acid. Hence 
A. diroocoecum differs widdy from the following microorganisms, which must 
be supplied with one or more of these compounds: H. irtfiiienzae and related 
types, propionic and lactic add bacteria, staphylococci, diptheiia bacilli, dys¬ 
entery bacilli, brucella, Proteus vulgaris, and probably Cl. tetani, certain of the 
true fungi including some of the yeasts, and certdn protozoa (9). 

Apparently, the better growth of A. chroocoecum cultured on legume residues 
in comparison with that of the same species cultured on nonl^ume residues is 
not the result of any known accessory growth factor (4). Linford (14), after 
careful microscopical examination of the microflora associated with plant roots, 
concluded that the early concentration of microorganisms m the rhizosphere 
is not dependent upon the destruction and utilization of senescent and dead 
root cap cdls, root hairs, and cortical tissues but that apparently the microorgan¬ 
isms utilize nutrients that diffuse out of the active root cdls or are otherwise 
beneficial from a local alteration of the soil envirorunent under the influence 
of the roots. If Tunonin’s (23) suggestion that the accumulation of micro¬ 
organisms in the rhizosphere of the growing plants is due to the excretion of 
thiamin and other accessory growth-promoting substances is correct, these 
organisms must lack the synthetic ability of A. chroocoecum. 

It is possible that there are unknown accessory growth factors, as A. chro- 
oeoccum is stimulated by unwashed casein and minute quantities of heat-kiUed 
protozoa. In these cases the quantity added to the medium would be too 
minute to render available plant nutrients, as Lind and Wilson (18) found to 
occur when A. chroococcu/m was grown in conjunction with an aerobic spore- 
bearing contaminant. 

That A. chroocoecum apparently uses some accessory growth factors in its 
metabolism is evident from the fact that it actively synthesizes biotin, inositol, 
nicotinic add, pantothenic add, pyridoxin, riboflavin, and thiamin. The 
ability to synthesize these compounds is not peculiar to A. chroocoecum, for 
approximatdy 60 species of bacteria have been found to synthesize riboflavin 
or a substance capable of replacing riboflavin as an essential growth factor for 
L. cam (24). The amoimt found to be S 3 mthedzed varied from 0.02 to 3.6 
per ml. of bacterial culture, and it is suggested that the bendScial effect observed 
by some workers when certain microorganisms grow in symbiosis with others 
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may be the result of this factor. The specific function of ribofiavin to bacteria 
is not fully understood, but inasmuch as the fermentative ability of yeast and 
Azotobactcr is similar, insight into its function may be gained from an examina¬ 
tion of yeast metabolism. 

Warburg and Christian (25), in 1932, isolated from yeast a flavoprotein 
which, in add solution, was split into a protein and a riboflavin phosphate. 
Cozymase I of Euler and cozymase II of Warburg and Christian are adenylic 
acid nucleotides of nicotinic acid and nicotinamide and are important H 2 - 
carriers capable of passing hydrogen to flavoproteins. Hence the enzymes into 
which riboflavin and nicotinic acid enter, catalyze the dissimilation of hexose 
phosphate. lOigler and Grossowicz (8) demonstrated that some microorganisms 
which required nicotinic acid, when grown in a carbohydrate-containii^ medium, 
metabolize normally in a medium free of nicotinic add. 

Nicotinic add and nicotinamide do not always produce equivalent growth- 
promoting effects on microorganisms (10); hence it has been contended that 
nicotinamide is concerned in cellular oxidation in some way other than in the 
formation of pyridine nucleotides (19). 

T hiam i n , functions in the economy of a wide variety of microorganisms, and 
according to Williams (29, p. 156) one can scaredy regard it otherwise than as 
“ono of natme’s earlier and more fundamental inventions in the process of 
evolving life.” 

Lohmann and Schuster (15) in 1937 found in yeast a diphosphate ester of 
thiamin that functions as the coenzyme cocarboxylase for the enzyme car¬ 
boxylase, which is concerned in the conversion of pyruvic acid into carbon dioxide 
and acetaldehyde. The same year Lipmann showed that the oxidation-decar- 
bosylation of pyruvic acid to acetic acid and carbon dioxide, or its dismutation 
by alkaline-washed lactic acid bacteria into lactic acid, acetic acid, and carbon 
dioxide, was catalyzed by cocarboxylase and not by free thiamin. Banga and 
co-workers (17) in 1939 presented final proof that in the form of its pyrophos¬ 
phate, thiamin is necessary for the oxidative removal of pyruvic acid and, 
indirectly, of lactic acid in normal carbohydrate metabolism. Hence it is 
permissible to conclude that thiamin, like riboflavin and nicotinic acid, pla 3 rs 
a vital role in the carbohydrate dissimilation of A. chroococcum. 

Cytochrome C, which plays an important part in conjunction with cozymase 
1 and II in carbohydrate dissimilation, has within it an unknown group, which 
Elvehjem (1) suggests may be related to biotin. 

Inositol is important m the gro'wth and budding of yeast, and it may play 
a similar role in Azotobacter multiplication. The two remaining accessory food 
substances, pyridoxin and pantothenic add, are intimately associated with 
cdl proteins, and they probably play a role in some enzymic system. 

The authors have demonstrated that A. do'oocoaswn activdy synthesizes 
accessory growth factors, and the quantity found in these cells compares favor¬ 
ably with that found by other workers m yeast cells. It should be borne in 
mind, however, that the quantity synthesized may vary with the species and 
possibly with the strain, for Wilson and Wilson (30) have found that rhizobia 



402 


Ii. W. JONES AND J. E. OBEAYES 


may be divided into three groups based upon their biotin requirements: (o) 
Most strains in the absence of biotin grow very poorly and reach a population 
of about one tenth the mavimuTin , thou^ continuous serial transfer is possible; 
(h) a few strains attain virtually Tna.-!nTnnTn growth in its absence; (c) a few 
strains are unable to grow unless biotin is supplied. Such a grouping may imply 
either that some strains and not others have the ability to synthesize biotin, or 
that some strains require it in their metabolism whereas others do not. In 
either case it demonstrates the wide vMiation that may occur in nearly rdated 
microorganisms. 

Prom the accessory growth factors synthesized by A. chroocoecum and from the 
postulated functions of these factors, we may assume that the general catabolic 
carbohydrate transformations of this species are similar to those of yeast. It 
must be remembered, however, that the anabolic carbohydrate transformations 
may be the reverse of these transformations, for O’Kane (16) has found that 
cdls of ThiohaciUus thiooxidans grown on a completdy inorganic medium contain 
nicotinic acid, pantotbenic acid, biotin, riboflavin, and pyridoxin. 

The discovery that A. chroococcum readily synthesizes the accessory growth 
factors su^ests the use of this organism as a source of these compounds. The 
organism is readily cultured on a synthetic medium; hence, the accessory 
growth factors may be more easily purified than when produced in more complex 
media. It is also possible that A. chroococewn together with other soil micro¬ 
organisms may furnish accessory growth factors to hi^er plants when grown 
in the presence of microorganisms which possess the ability to synthesize such 
factors, and this may explain why some investigators have found these accessory 
growth factors to be nonessential to higher plants, whereas other investigators 
have concluded that they are essential (27). It is also postible that the quanti¬ 
ties of the vitamin B complex present in plants may be rdated to the microflora 
of tire soO. These phases of the problem are being studied at the present time. 

SUMMABX 

Althouidi there appears sporadically throu^out the literature of the past, 
implication that Azotohader (diroococcum requires certain accessory food sub¬ 
stances, the present work demonstrates that the following compounds are not 
needed in media for the normal growth and metabolism of this organism: as¬ 
corbic acid, biotin, carotene, colchicine, ergosterol, filtrate factor, indole-3- 
acetic add, indole butyric acid, indole-3-propionic acid, 7 (indole 3) n-butyric 
acid, inositol, nicotinamide, nicotinic acid, pantothenic acid, picoline, pimelic 
acid, thiamin, riboflavin, and pyridoxin. Thiamin, riboflavin, and ascorbic sudd 
stimulated sli^tly m some conc^trations, but no evidence was obtained that 
any of these compounds are essential or materially increase A. chroococcum 
metabolism. 

Azotobacter diroococcum wbm grown in a ^thetic medium free from ac¬ 
cessory food factors synthesized biotin, inodtol, nicotinic sudd, pantothenic add, 
pyridoxin, riboflavin, and thiamin. The quantity synthesized compares favor¬ 
ably witii the quantities found in other plant tissues including yeast. These 
compounds apparently enter into the synthesis of the bacterial enzymes. 
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The stability of the aggi’egates of soil and the factors influencing it have had 
increased attention during the last few years. Though several factors have 
been shown to influence aggregation, their relative importance still remains 
somewhat obscure. In order to evaluate more accurately the relative effective¬ 
ness of a few factors, particularly the crop factor, that might be important in¬ 
fluences, the aggregation of the surface soil of certain of the fertility plots on 
the Moran Experimental Field in Alien County, Kansas, was studied. 

AREA STUDIED 

The soils of the experimental area were of the Woodson and the Parsons 
series, both claypans developed under prairie vegetation. One part of the study 
was made on soils taken from plots which had been given different fertilizer 
treatments and on which crops had been grown in rotation; the other was made 
on soils from areas on which grass had grown for various lengths of time. Thus 
it was posfidble to assemble comparisons of the influences of crops and soil treat¬ 
ments on soil aggregation. 

The field experiment on which the study was made consisted of six series, 
each of which was devoted to one crop of a rotation. Atlas sorgo, com, soybeans 
in 21-mch rows, oats, red clover, and alfalfa. Each series was subdivided into 
twelve 1/10-acre plots on which were applied different lime, manure, and fertili¬ 
zer treatments. One plot in each series was given no soil treatment, and on it 
nonlegumes were substituted for the legume crops in the rotation. The substitu¬ 
tions were Club sorghum, Sudan grass, and a tame grass mixture for soybeans, 
red clover, and alfalfa, respectively. Alfalfa (or grass on the nonlegume plot) 
was allowed to grow on a given series for an interval of 6 years unless failure 
to maintain a stand shortened the period. Duiing this 5-year interval the other 
crops were rotated on the remaining five series. Alfalfa (or grass on the non¬ 
legume plot) has been grown on series A, C, F, and B in that order since the 
start of the experiment. Series D was in alfalfa in 1940, leaving series E as 
the only block on which the crop has not grown. 

1 Associate, soil conservationist, Amarillo Experiment Station, Amarillo, Texas, and 
agronomist, Kansas Agricultural Experiment Station, respectively. Acknowledgment is 
hereby made to A. E. Brandt, chief. Erosion Control Practices Division, Soil Conservation 
Service, Washington, D. C., and to H. H. Laude, agronomist, Kansas Agricultural Experi¬ 
ment Station, for assistance with the statistical studies. 

* Contribution from the Soil Conservation Service, Research Division, IT. S. Department 
of Agriculture, and Contribution No. 335, department of agronomy, Kansas Agricultural 
Experiment Station. 
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Two of the plots on each series were sdected for study because of the wide 
difference in treatment: one received lime, manure, and superphosphate and 
was included in the legume rotation; the other was the untreated plot in the 
nonlegume rotation. 

The red clover seeding failed in 1939; therefore, closely drilled soybeans were 
substituted in 1940. At the time the samples Were taken, red clover was grow¬ 
ing in the oat stubble in the legume rotation, and weeds were growing in the 
stubble in the nonlegume rotation. On the treated plots, manure was applied 
every fifth year, at the rate of 8 tons per acre, preceding the com crop. Super¬ 
phosphate was applied annually and at different rates for the different crops, 
lime at the rate of 3 tons per acre was applied at the begmning of the experiment. 
Series D received an additional ton per acre prior to the seeding of alfalfa. 

For the soils that had been under grass for various lengths of time without 
cultivation and with different intensity of use, three 1/10-acre grass areas were 
sampled. One of these was an untreated plot on the experimental field on which 
a tame grass mixture had grown since 1930 except for the years 1933 and 1934. 
The second was a native grass meadow across the road from the field site. The 
third was a somewhat overgrazed native pasture adjacent to the meadow. 

METHODS 

Nine randomized samples were taken from each plot. The plots were strati¬ 
fied crosswise into thirds. Each third was subdivided into 20 equal areas, from 
which the three areas to be sampled were sdlected at random by drawing num¬ 
bers. The sample was taken from the point where an object tossed onto the 
area came to rest. Samples were taken to a depth of 6| inches by means of a 
spade, care being taken to prevent mechanical dismption of the aggregates by 
the spade. The samples were put through a half-inch screen and allowed to 
air-dry. After thorough mixing, a portion of each sample was removed for 
a^egate analyses. The remaining portions of the three samples from each 
third of the plot were mixed and prepared for chemical analyses. 

All samples were taken on September 20 and 21,1940. Though the moisture 
contents were not identical, it is believed that differences were due chiefly to the 
crops, since no precipitation fell during or for some time before the sampling 
period. Moisture contents were all near the calculated wilting point. 

Aggregate analyses, in duplicate, were made by wet-sieving samples containing 
the equivalent of 100 gm. of oven-dry soil. A nest of three U. S. standard 
aeves, viz., the 4.0, 2.0, and 0.106 mm. on which the soil had been placed, was 
operated mechanically for 16 minute in distilled water throu^ a vertical 
distance of about 2 inches at the rate of 30 strokes per minute. Results are 
reported as the percentage of the original sample coarser than 0.105 mm. 

Only the results of the original duplicate aggregate analyses were used in 
the summary, despite apparent limited agreement between a few of the dupli¬ 
cate readings. Though repeat analyses were made on those samples the duplicate 
readings of which did not conform to a previously conceived standard of per¬ 
fection, statistical analyses showed that the resulting re-runs made no realdif- 
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ference in the interpretation of results and made the analysis of data more 
difficult. 

Nitrogen analyses were made according to the Gunning-Blbbard method 
modified to include distDlatlon of the ammonia into boric acid solution. Organic 
carbon determination was made by the Schollenbeiger method as modified by 
Allison (2). The lime requirement measurement was by the Jones method 
as modified by Baver (3). 


TABLE 1 


Ej^eci of crop on, the percentage of water-stable aggregates and the relationship of aggregation 

to certain soil factors 


SCKXES 

CSOP— 1940 

yield 

PER ACRE 

AGGREGATES 
COARSER 
THAN 
0.105 Mil. 
{N « 18) 

CHEMICAL NATURE OF SOILS {N - 6) 

Nitrogen 

csufbon 

Carbon 

Nitrogen 

ratio 

Lime 

(CaCO») 

requirement 


1 

tons 

per cent 

per cent 

per cent 


pounds 


Lime, manure, and superphosphate plus legumes 


A 

Atlas sorgo 

8.59 

48.9 

0.143 

1.79 

12.5 

2016 

B 

Com 

36.30* 

53.4 

0.143 

1.76 

12.3 

1163 

c 

Oats and red clover 

1.28 

52.4 

0.144 

1.89 

13.1 

1387 

D 

Alfalfa (3 years) 

4.03 

66.9 

0.127 

1.69 

13.3 

1664 

E 

Soybeans (rows) 

2.84 

39,1 

0.126 

1.69 

13.4 

2368 

P 

Soybeans (drilled) 

2.80 

60.4 

0.146 

1.89 

12.9 

2283 


Untreated, no legume 


A 

Atlas sorgo 

6.40 

50.5 

0.142 

1.86 

13.1 

4587 

B 

Corn 

46.00* 

55.8 

0.136 

1.82 

13.4 

4501 

c 

Oats 

0.57 

49.6 

0.122 

1.55 

12.7 

412S 

D 

Tame grass mixture (3 

1.06 

57.8 

0.122 

1.58 


3989 


years) 







E 

Club sorghum 

0.49 

38.8 

0.114 

1.53 

13.4 

2883 

P 

Sudan grass 

1.35 

46,8 

0.126 

1.70 

13.5 

4267 

Correlation coeflBicient (r) all plots (iV « 36), be¬ 
tween aggregation and chemical factor of soilt... 

0.188 

0.291 

-0.041 

-0.221 


* Bushels. 

t Value of r necessary for 6 per cent level =* 0.325. 


BXPEBIMENTAL RESULTS AKD DISCUSSION 

Soils under treatment with crops in rotation 

A summary of the results of the a^egate studies for the cultivated plots is 
&ven in table 1. Also given are the crop yields for 1940, the percentages of 
nitrogen and organic carbon in the soils, the carbon-nitrogen ratio, the lime 
requirement of the soils, and the correlation coefficients between a^regation 
and other soil factors. 

A statistical sununaiy of the aggregation data is ^ven in table 2. The mean 
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squares for the random samples in the same third of the plot, which represents 
the soil variability, is the estimate of error against which the other mean squares 
are tested. The crop difference is highly s^ificant. On this point the results 
are in agreement with many that have been reported by other investigators 
(1, 7, 8, 11, 13, 21, 23). Neither treatment nor the interaction of crop and 
treatment showed statistically significant differences. Thus, manure, lime, and 
superphosphate and legume in the rotation had no permanent effect on a^rega- 
tion either directly or through interaction with the crop. The average percent¬ 
ages of the soil coarser than 0.105 mm. of the aggr^ate data in table 1 for Atlas 
sorgo, com, and oats were 51.6 and 51.9 respectively, for the treated and the 
untreated plots. 

The mean square for thirds in the same plot is so nearly the same as that for 
random samples as to indicate that in respect to total aggregates greater than 
0.105 mm. there is no trend or progressive difference from one end of the plot 
to the other. The mean square for duplicates, which represents the variability 

TABLE 2 


Resrdts of st<Uistieal analysis of data in tcdile 1 


j 

D/F 

SUMS OF SQUARES 

MEAN SQUARES 

Treatcaent. 

1 

217.8038 

217.8038 

CroD.. 

5 

10596.3236 

2119.2647** 

Crop X treatment. 

5 

796.7509 

169.1602 

Thirds in the same plot. 

24 

1905.0244 

79.3852 

Random samples in the same third of plot. 

Duplicates.1 

72 

108 

6247.8267 

1963.2850 

72.8865 

18.1786 



** Highly Eagnificaat. 


of the laboratory technic, is small as compared to the mean square for random 
samples in the same third. This indicated that the laboratory technic was suffi¬ 
ciently refined for the variation found in the experiment. 

The com plot in the treated scries received 8 tons of manure to the acre during 
the early spring of 1940. Even if it rvere assumed that this application had an 
early favorable effect on a^egation, it is evident that its infiuence was of short 
duration, for at the time of sampling, the difference between the com plots in 
the treated and the untreated group was sli^t. Similarly, Bertramson and 
Bhoades (5) found that manure additions equivalent to 4§ tons per acre annually 
over a period of years had no measurable effect on a^^tion. Likewise, 
Browning (6) and Peel et al. (17) formd that the addition of cured l^ume hay 
did not appreciably change a^egation of the soils in their experiments. 

The favorable effect of the alfalfa on soil abrogation was hi^y significant, as 
indicated in table 1, but it appeared to be of short duration. 

The influence of row spacing of soybeans on the effect of this crop on abrega^ 
tion appears to be worthy of note. The 21-iach spacing resulted in a lower de¬ 
gree of aggregation than did the 7-inch spacing. 
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The pronounced unfavorable influence of the Club sor^um on a^r^tion 
seemed to be at variance with the results obtained with both Atlas sorgo and 
com. The yidd differences offered a possible explanation. The exceedingly 
low yield of Club sorghum indicates a soil condition approaching that of summer 
fallow, which was shown by Metzger and Hide (13) to reduce the d^ree of 
aggregation. In contrast to this, both Atlas sorgo and com produced relatively 
large yields in 1940. 

lliough the tame grass had a favorable effect on aggregation, its influence was 
not so marked as was that of alfalfa. 

The correlation coefficient between aggregation and organic carbon, nitrogen, 
carbon-nitrogen ratio, or lime requirement was in every instance below the level 
of significance. Several investigators have emphasized the importance of or¬ 
ganic matter in aggregate stability. The data herein presented suggest that, 
within lixoits of the experiment, the crop effect has greatly overshadow^ organic 
matter as a factor in abrogate formation and stability. Eetzer and Russell 
(18), Rogers (19), and Stauffer et cH. (22) found no simple rdationship between 
total carbon and degree of a^egation of field soils. Thus it appears that factors 
other than organic matter are largely responsible for aggregate formation under 
fidd conditions where different crops are grown. 

Hide and Metzger (10) and Martin (12) have shown that the oiganic matter of 
well-a^regated material has a wider carbon-nitrogen ratio than does that of 
poorly aggregated material. On the other hand, Rost and Rowles (20) and 
Elson (9) could find no correlation between carbon-nitrogen ratio of the whole 
soil and s^regation. The results presented in table 1 suggested that any rela¬ 
tionship that mi^t exist between the carbon-nitrogen ratio of the whole organic 
matter of the soil and aggregation was nonsignificant in comparison to the 
differential influence of crops. 

The apparent minor importance of calcium as a direct factor in the aggr^tion 
of soils has been observed by several investigators (4, 9,14, 15,16, 20). The 
results of this study merely add support to the general concept that lime is not 
so important in the aggregation of fairly normal field soils as was once assumed. 
Certainly the crop effect greatly overshadows any influence that the different 
calcium levels within the ^qjerimental plots may have had. If plant growth 
was sparse because of a deficiency of calcium, it appears probable that the addi¬ 
tion of lime, which would increase the density of plant cover, would improve 
aggr^ation of the soil, not because the lime would have any direct influence on 
allegation, but because of the improved crop growth and greater root de- 
vdopment. Althou^ the soils under investigation respond to lime, they will 
still produce, without liming, a reasonably good growth of most crops except 
alfalta, sweet clover, and red clover. 

Rogers (19) came to a different conclusion on the basis of his studies. From 
the photograph presented by him, however, it would appear that the difference 
in a^regation that he ase^ed to difference in calcium levd may have been not 
the direct result of the calcium but rather its effect on the relative abundance of 
plant growth, which in turn altered the a^egation. His most add plot is shown 
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to be almost free of v^tation, in contrast to an improved plant cover on the 
plots on both sides. Thus even Rogers’ results do not seem to be out of line mth 
the geaeralization that calcium will influence a^regation principally as a result 
of its influence on the relative abundance of biological activity within the soil. 

Not only do the data from the experimental plots show a nonsignificant rela¬ 
tionship between the calcium deficiency of the soil and the percentage of water- 
stable aggr^ates, but observations on the degree of soil crusting, across a wide 
belt of soils with various calcium contents, show essentially the same lack of re¬ 
lationship. In southeastern Kansas, as represented by this study, soUs low in 
calcium are subject to severe crusting. This is not peculiar to soUs with low 
levels of calcium saturation, however, as crusting of siinUar severity for a given 
rainfall intensity, crop, and surface condition occurs throughout the east-west 
brit of Kansas. On the western side of the belt the soil coUoids are abundantly 
supplied with calcium. Also in this area free calcium cairbonate occurs at the 
surface in some of the soUs. 

That aggregate formation and stability in prairie soils are probably hi^y 
biological is indicated by the effect of different crops as noted in this study and 
by the relationship of bacterial activity to a^egation in simUax soils as noted 
by Myers and McCalla (15). Sufficient fertility elements are needed to enable 
the crop and other biological activities to bring a^regation to a high level. 
Because maximum a^r^tion is so highly biochemical it should be expected to 
be hi^y tranritoiy. Substantiation of this idea was found in the results herrin 
presented and in the study reported by Myers and McCalla (15). In both 
instances the hi^ d^ree of aggr^tion due to the biological agent was reduced 
soon aftar the active agent was removed or reduced appreciably. 

SoUs imder grass of different ages or vjvth different cover vodues 

The results of the study of the effect of grasses on soil aggr^tion and the 
relationship of a^r^tion to some soil factors are reported in table 3. 

There was a marked difference in the a^regation of the soils under sods. The 
d^ree of aggr^tion showed a distinct rdationship to the age of the sod. Also, 
the meadowland showed a somewhat greater degree of aggregation than did the 
overgrazed native pasture area. The correlation coeffidents between a^ega- 
tion and organic carbon and nitrogen were highly significant. This is indistinct 
contrast to the relationship shown in table 1. That aggregation was 
positively related to tixe content of soil organic matter where the crop was the 
same was evident. It was not evident from the data available whether the in¬ 
creased organic matter served directly by promoting aggr^te fonnation or 
whether it served indirectly by protecting the soil from hydration due to the 
exceedin^y low reversibility of dehydrated organic coUoids after the aggregates 
were formed by other forces. Organic colloids throu^ a phydcochemical union 
with inorganic materials have been shown by Myers to increase a^egation 
directly after dehydration (14). 

The physical effect of roots and the effect of organic matter on aggregation are 
difficult to separate because not only is organic carbon related to aggre^tion 
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where the l^e of crop is constant, but aggregation is also rdated to the length 
of time the crop is grown on a given area without cultivation. Organic accumu¬ 
lation in the soil is in turn directly related to the length of time the crop (grass) 
is grown undisturbed on the land. Furthermore, the annual root additions as 
oiganic matter (carbon and nitrogen) have accumulated in root channels formed 
as a result of root action. The biological activity associated with the roots 
(living and dead) could quickly produce a^egate cements (15) to bind the soil 
particles rearrai^ed by the dynamic action of growing roots. 

likewiso, where only grass as a cover was considered, the correlation coeffi¬ 
cient between a^regation and the carbon-nitrogen ratio was tignlhcant. The 
degree of significance, however, was not of such great magnitude as in the case 

TABLE 3 


Effect of age and condition of perennial plant cover (grass) on water-stable aggregates and some 
of the chemical properties of sott 



AGGSEGAIES 

csmocua natose ot soils (jV « 6) 

AGE Am) CONDmON OF COVES <GRASS)— 1940 

COASSEE THAN 
0.105 UM. 

(AT *18) 

Nitrogen 


B 

lame 

(CaCO.) 

requirmnent 

Mixture of tame and native grasses 3 
years old, cut annually, cover good.... 

percent 

57.8 

^ cent 

0.122 

per cent 

1.58 

13.0 

pounds 

3989 

Mixed tame grasses, pastured moderately, 
cover good*. 

75.1 

0.180 

2.58 

14.3 

4000 

Native virgin pasture, heavily grazed, 
cover fair. 

89.5 

0.220 

2.98 

13.5 

3979 

Native virgin meadow, cover good. 

94.9 

0.232 

3.20 

13.8 

3915 

Correlation coefiSlcient (r) between aggre¬ 
gation and chemical factor of soilt.... 


0.980 

0.967 

0.555 

-0.161 


* This area was in tame grass from 1928 to 1940 indusive with the exception of the years 
1933 and 1934 when it was planted to com and oats, respectively. 

t Value of f necessary for 5 per cent level of dgnificance = 0.564; for 1 per cent level =• 
0.6S4. 

of the rdationship to organic carbon. Thus, it would appear that althou^ 
the wide carbon-nitrogen ratio tended to be associated with an improved abro¬ 
gation, where both the soil and the crop are fairly constant, it was not so im¬ 
portant as the total amoimt of organic carbon in the soil/ 

The nonsignificance of the correlation coefficient between lime requi r em e n t 
and abires^^*^^ soils growing the same t3T>e of crop subcsted that, within 
the limits of the experiment, factors other than the lime content of the soil were 
more dosdy associated with abrogation and, therefore, posdbly more important 
in bringing about changes in this condition. This would agmn subcst that the 
mineral nutrient level of the prairie soils is not of direct significance in abi'^s^ 
tion but is of importance principally, if not entirely, through its influence on the 
biological and biodiemical changes which bring about dianges of great impor¬ 
tance in abrogate formation and stability. 
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SUMllABT 

This study included tlie determinatioa of degree of a^egation, the percentage 
of nitrogen and organic carbon, and the lime requirement of the soils of both 
cultivated and grass plots on two cla 3 rpan soils of southeastern Kansas. 

Differences in degree of aggregation, apparently due to the influence of the 
kind of crops grown, proved to be h^hly significant by statistical analysis. 

An application of 8 tons per acre of manure had little effect on aggregation 6 
months after application. 

The use of manure, lime, and superphosphate as soil treatments and the 
growing of legumes in the rotation had no measurable carry-over effect on aggre¬ 
gation throu^ succeeding periods of nonlegume cropping. 

Where a tame grass mixture and alfalfa alone were grown undisturbed for 3 
years, the alfalfa had the more favorable effect on aggregation. 

Within the limits of this study, the possible effect of organic carbon, nitrogen, 
carbon-nitrogen ratio, or lime requirement on soil abrogation was overshadowed 
by the influence of differeit crops grown. 

Eesults of this investigation support the contention that lime, as a direct 
factor in aggregation, is relativdy unimportant. 

On grass plots ab^'^a.tion was positively associated with the organic carbon 
content of the soU. In the cultivated plots the differences due to crop far out- 
wm^ed differences due to organic carbon, indicating the possibility that, under 
normal soil and crop conditions, factors other than organic carbon may be re¬ 
sponsible for abi^egate formation. 

These results indicate that, although wider carbon-nitrogen ratio is associated 
with improved aggregation where the soil and crop are fmrly constant, the re¬ 
lation of carbon to nitrogen is not so important as the total amount of organic 
carbon in the formation of soil abnegates. 
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Distillers* Grain Manuel,. By Robebt T. Wilkie and Rolland S. Mathbb. 
Joseph E. Segram and Sons, Inc., Louisville, Kentucky, 1942. Pp. 56, il- 
lus. 11. 

The origin, botany, and classification of com, rye, barley, wheat, sorghum, and 
sugar cane are recorded in such detail as is required by those who are concerned 
with the distillery industry. Production records are shown for the more im¬ 
portant producing states, and information is given on the handling of the grains 
from farms to the terminal markets and distilleries. The last chapter deals with 
grain by-products. Among other matters of considerable interest in the book are 
definitions for exgoty, garlicky, and weevily wheat and lye, and other grain 
standards. 

Regional Geography of Anglo-America. By C. Langdon Wheeb and Edwin J. 
Foscue. Prentice-Hall, Inc., New York, 1943. Pp. 898, figs. 287. Price, 
$4.75. 

The reader of this book ''will see how a people took possession of the land and 
how the land took possession of a people. He will become aware of the fact that 
the population is by no means evenly distributed throu^ this livii^ space, and 
that geographic factors are largely responsible for the uneven distribution.” The 
book is of special importance to those who desire a better understanding of the 
influences which have fashioned the course of development c£ the country. Its 
illustrations are exceptionally well chosen and the manner of presentation of the 
material is such as to make most interesting reading. The discussion is based on 
the concept that “there are no new frontiers and that the future security of 
An{^o-AmericaDs depends upon how well they use the land they already have.” 
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THE APPLICATION OF CONTROLLED DISPERSION TO THE 
TEXTURAL GRADING OF SOILS 

JOSUfi GOLLAN, JR.,i and MABIO R, CODONI* 

InatitxUo Experimental, de Investigaei&n y Fomento Agriedla-Qanadero, 

Sanie Fe, Argentina 
Recnved for iniblieation fdiruBry 16,1843 

The preparation of soil samples for mechanical analysis and the subsequent 
classification into fractions according to size are carried out in different ways, 
depending on whether the investigation is concerned with agronomy, en^eer- 
ing, or pedology. The authors consider that in pedolo^c studies a preliminary 
treatment is necessary to break down the a^regates and liberate as completely 
as possible the particles smaller than 2/1 in diameter; the classification will then 
pve, as nearly as possible, the actual content of particles of the various sizes. 

This criterion of mechanical analysis, which is essentially pedological, was 
advanced by Davis and Middleton at the First Internati ona l Congress of Soil 
Science in 1927. On this basis, the soil is considered, not from the point of view 
of utUity, but as a source of information. Analytical data thus obtained cannot 
be directly related to soil conditions in the field. They do, however, define a 
given sou property: the soil as constituted by individual particles classified ac¬ 
cording to size, that is, a well-defined textural property, which can be repre¬ 
sented on pedological maps and which in research work can be related to other 
soil properties. Such a classification gives a dose approxinaation of the content 
of particles less than 2p in the soil, and forms a basis for the separation and 
characterization of tire various soils. Actually, the dispersion methods used in 
mechanical analysis may also be used in the separation of the 2-p fraction; 
and the methods of control applied in the analysis, herdnafter described in 
detail, indicate whether the day fraction has been isolated. 

Once this purpose was dearly defined, the need became apparent for accurately 
established experimental techniques and for a controlled emersion in order to 
determine to what degree the partides can be liberated from the a^regates and 
freed of their coatings (2). 

In this paper two phases of mechanical analysis are considered: first, prepara¬ 
tion of the sample, induding dispersion, liberation, and cleaning of the partides; 
and second, direct and indirect controls of these operations. 

prbfahation of this samples 

According to the international method, air-dried material passing a 2-mm. 
screen is used for mechanical analysis. To eliminate the causes of aggre^tion, 
the sample is subjected to the following operations: dispersion of the soil colloid, 
oxidation of the organic matter, and breaking down of a^re^tes by gentle 
rubbing. 

* Fonner director, department of agricultural chemistry and pedology. 

* In charge of soil mechanical analysis section of the department. 
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Dispersion of soil colloid 

The adsorbed ions are replaced by hydrogen ions as a result of shaking the soil 
sample M?ith 0.1 per cent HCl for 5 minutes. In experiments with HQ of vaiy- 
ing concentrations on calcium- and magnesium-loess pampeano (3), this concen¬ 
tration proved to be the minimum for efficient exchange. As exchange reactions 
soon reach equilibrium, a 5-minute period of contact was found to be sufficient. 
Table 1 shows that in this way 40 to 80 per cent of the adsorbed calcium and 
almost all the adsorbed nu^esium are eliminated. 

On contact for a second time with fresh 0.1 per cent HQ, the quantity of 
ions removed decreases appreciably. This is shown in table 2, which also 
indicates that three w^ushings of the sample with 0.1 per cent HQ are practically 
enou^ to remove the bivalent ions originally present in the soil. 

The use of the add in such a low concentration brings about a very little loss 
in solution, which never amounts to 1 per cent. The greatest loss is shown by 

TABLE 1 

Removal of calcium and magnesium ions from soil with 0.1 per cent HCl 
after S minutes’ contact* 

Results in milliequivalents per 100 gm. oven-dry soil 


SAlCnS NHMBEX 

AOSOBBED Ca^ 

BEHOVED 

ADSOBBED 

BEHOVED 

449 

11,4 

6.30 

2.3 

2.10 

795 

2,6 

1.10 

1.9 

0.36 

796 

4,0 

2.20 

1.6 

0.60 

837 

14,8 

8.30 

3.6 

3.00 


* Results for samples 370, 370, 716, 855, 919, and 753 are shown in table 2 under "1st 
washing.” 


samples high in oiganic matter. Table 3 shows the SiOs and the BsOj loss of 
some samples. 

After displacement of the adsorbed ions of the soU, the hydrogen ions are 
exchanged with Na ions, which g^ve to the soil colloid a high stability. This 
replacement is effected by the use of 0.1 N NaOH, until the suspension at tains a 
final pH value of about 9. 

With this treatment, dispersion of the soil colloid is almost invariably good, 
but in some cases it is not suffident, as for instance m samples from the lower 
horizons of soils developed on loess or loessial materials. In these cases, boiling 
the sample with 0.1 N (final concentration) NaOH in the presence of a few drops 
of 6 per cent hydrogen peroxide and gentle rubbing with the fii^r was success¬ 
ful. Table 4 diows the great differences in the fine-fraction content determined 
by the two methods. 

In certain unmature soils developed on sand dunes of the Post-pampeano in 
southern Santa Fe Province, complete dispersion of the fine material flocculated 
in a virtually irreversible form could not ^ obtained. 
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TABLE 2 

Removal of adsorbed calcium and magnesium t hrough eonsecuLive washings 
with OJ per cent HCl 


Eesults in milliequivalents per 100 gm. oven-dry soil 


SAUFEC 

NCMBCR 

WASHING 

Ca+* SEUOVED 
BY SACS j 

WASHING 

TOTAL 

BEHOVED 

TOTAL 

ADSOBBED 

Ca-«- 

Mg^ BEHOVED 
BY EACH 
WASHING 

TOTAL Mg^^ 
BEHOVED ] 

TOTAL 

ADSOBBED 

Mg++ 


1st 

6.9] 




3.2 




370 

2nd 

3.1 


11.2 

8.6 

1.2 


5.0 

1.4 


3rd 

1.2 









let 


f] 



1 . 9 ' 


i 


670 

2iid 

5.3 


17.57 

12.8 

1.0 


3.3 

1.7 


3rd 

2.2 









1st 

7.9] 




2 . 2 ] 




716 

2nd 

4,1 


13.6 

14.7 



3.6 

2.1 


3rd 

1.6j 









1st 

6.4] 




2.9] 




855 

2nd 

5.2 


13.9 

15.7 

1.6 


5.1 

1.9 


3rd 

2.3j 









1st 

7.7] 




2.4 




919 

2nd 

3.3 


12.5 

11.5 

1.3 

j 

4.4 

2.3 


3rd 

I. 5 J 




1 O. 7 J 





1st 

6 . 1 ] 







763 

2nd 

2.9 


10.4 

10.4 

1.5 

6.0 

2.5 


3rd 

I. 4 J 








TABLE 3 

Soil loss on solution by the acid treatment 


Eesults in percentages of oven-dry soil 


SAHBLENDHBEB 

DISSOLVED SiOs 

DISSOLVED RaOt 

449 

0.099 

0.073 

795 

0.070 

0.076 

796 

0.027 

0.064 

837 

0.143 

0.052 

370 

0.095 

0.105 

670 

0.077 

0.076 

716 

0.085 

0.084 

855 

0.125 

0.249 

919 

0.075 

0.081 

753 

0.090 

0.150 

822 

0.511 

0.414 

580 

o.m 

0.533 

684 

0.181 

0.055 

685 

0.119 

0.046 

















420 


JOSTnfe GOLIiAN, JR., AND MARIO R. CODONI 


OxidaHon of organic matter 

Organic matter is found in appreciable quantities in only the A and B horizons 
of the soils of the Santa Fe Province, and even in these horizons it rarely exceeds 
6 per cent. The degree of humification is variable; usually, however, the humi¬ 
fied material is less than 50 per cent of the total oiganic matter content. Since 
it is this humified matter that must be destroyed in preparing the soil for me¬ 
chanical analysis, an attempt was made to bring it into solution in order to make 

TABLE 4 


Particles less than Bit in diameter in samples from lower horizons of soils developed on loess, 
08 determined by the International dispersion method and by boiling with Q.l N NaOH 
Results in percentages of oven-diy soil 


SAHTIB NTniBEB 

HOUZON 

PARHCLES LESS TECAN 2 pL 

International dispersion 
method 

Boiling with 0.1 N NaOH 

595 

BC 

19.95 

37.00 

596 

c 

11.25 

23.40 

742 

c 

6.25 

25.00 

645 

c 

12.90 

22.48 

646 

BCD 

11.40 

28.30 

647 

CD 

6.20 

21.30 


TABLE 5 

Sumvs removal from soil by oxidising treatment 
Results in percentages of oven-dry soil 


SAJIPCB XnniBER 

OSGANIC ICAXXCR 

HITMUS 

HUUDS LEFT AFTER 
TREATBCENT 

370 

3.20 

1.55 

0.007 

570 

4.60 

1.96 

0.013 

716 

4.44 

1.80 

0.012 

855 

4.26 

1.75 

0.019 

919 

4.20 

1.50 

0.010 

940 

6.23 

2.16 

0.020 

822 

10.77 

5.10 

0.220 

580 

12.10 

2.00 

0.223 

753 

3.75 

0.87 

0.011 


the attadc easier and to allow use of an oxidiziD^ agent of minimum con¬ 
centration. 

In the method adopted, all the humus is transformed into an slkalina water- 
soluble humate, which is then attacked. The sample is first boiled with water 
for half an hour, and the exchangeable bases are removed with 0.1 per cent HCl, 
as already explained. In making the reaction alkaline with 0.1 N NaOH, most 
oC the humus goes into solution. It is separated by light centrifuging, treated 
with enou^ craicentiated hydrogen peroxide to ^ve a 2 per cent final concen¬ 
tration, and then boiled. The reaction is quick and complete, the end point 













CONTBOIjLED dispebsion and tbxtubal gbadinq 


421 


being shown by a definite change in color in all cases in which the humus content 
is high onou^ to interfere with the mechanical analysis. 

If the humus is too hi^, the alkaline treatment is repeated. In this instance, 
MnOa, which is very troublesome w'hen hydrogen peroxide is used, does not 
interfen*, as it is left in the sediment after centrifu^g. Table 5 shows the extent 
to w'hich humus is removed by this method. 


Disaggregation by gende rvUMng 

It was found very convenient to disaggregate the coarser fractions by gentle 
rubbing with the finger. This assures the resolving of the coarser aggregates 
into particles and aids in liberating them from their coatings. This action is 
particularly necessary for the red soils from Misiones and for those developed 
on loess, if the mechanical analysis is to serve the purpose outlined (4). That 
this treatment is effective is evident from the results obtained on two red soils 
dispersed according to the International method: the percentages of particles 
less than in sample 65 were 72 with rubbing and only 46.35 without rubbing, 
and the corresponding percentages in sample 69 were 68.8 and 35.64. 

Recommended technique of dispersion 

On the basis of the results shown, the following technique of soil dispersion 
for mechanical analysis is recommended: SO gm. of air-dried soil is boiled with 
200 cc. of distilled water for half an hour. After cooling, enough HCl is added 
to bring the total volume to 0.1 per cent concentration. The acidified sample 
is shaken for 5 minutes, centrifuged, and the liquid decanted off. This add 
treatment is applied three times.' 

The operation is followed by application of the qualitative test for caldum 
to a small portion of the dear liquid. When necessary, a fourth washing is 
made, at the same concentration. 

The sample next is shaken with 100 cc. of distilled water, centrifuged, and 
the liquid decanted off. To the residue, 200 cc. of distilled water is added and 
the mixture shaken. The suspension is brought to a pH value of about 10 with 
NaOH and shaken for 15 minutes. Then the degree of alkalinity is adjusted, 
and the suspension is li^tly centrifuged. The darker suspension containing 
the greater part of the humus as alkaline humate and some clay* is poured off. 
To the liquid is added 10 cc. of Perhidrol (hydrogen peroxide, 130 volumes con¬ 
centration). This is then slowly brou^t to boiling and concentrated to one 
third of the original volume. If there is no definite color change, another 10 cc. 
of Perhidrol is added, the volume made up to 200 cc., and boiled £^ain. 

The color change shows the success of the operation. To the coarser fraction 
remaining from the centrifuging, 200 cc. of 6 per cent hydrogen peroxide is added, 
and the treatment is repeated. If but little humus is present, Perhidrol of lower 
concentration may be used, as for example 2 per cent. 

* When CaOOi is present in the soil, enough HCl is added to destroy it completely. 
This is followed by shaking, centrifuging, and then the add treatment as directed. 

* In samples high in humus a second alkaline treatment is necessary. 
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After this oxidizmg treatment, the sample generally becomes flocculated. 
Both portions are reunited and centrifuged, and the liquid is decanted off. 
About 200 cc. of distilled water is added to the residue, and the suspension is 
made alkaline with NaOH, to a pH value of about 10, and shaken for 10 minutes. 

COMTBOL OF OPBEATIONS 

The dispersion of the sample should bring about the most complete liberation 
of the particles, with the greatest possible dispersion of the soil colloids and the 
most effective ■cleansing from surface coatings. As it cannot be claimed that a 
given technique attains this objective in eoery case, it is necessary to determine 
the degree of success and thus to enable evaluation of the significance of the re¬ 
sults of subsequent classiflcation according to size. As a control, observations 
are made during the analysis; these may be followed by the use of some simple 
relationships which show whether the analysis has met the requirements of the 
pedolo^cal criterion (2). The methods are classified as direct and indirect, 
according to whether t^y are applied during mechanical analysis or whether 
subsequent tests or determinations are required. 

Of the direct methods, only two are presented in this paper: that of the 
petrographic microscope and that of the logarithmic graph. 

Direct methods 

PelTograjihic microscopy. Microscopic observation of the fractions obtained 
in the mechanical analysis serves as a test not only of the degree of separation 
of the abrogates into their individual particles, but also of the elimination of 
the surface coatings of the particles. Observations are made with transmitted 
or reflected li^t: by the use of polarized li^t further differentiation between 
aggregates and dean, cemented or crystalline partides is possible. Two series 
of observations are made: those on material greater than 53n in diameter, and 
those on material less than 53ju. 

Among the forms observed were the following, which led to special investiga¬ 
tions on the nature of the cements and coatings found, in order to determine 
the most adequate treatment: 

GoUoid-ooated crystals found in a red soil (Misiones) after application of the Intema- 
iional-A dispersion method (fig. 1). 

Eotmd forms remaining after application of the Intemational-A dispersion method. 
Actually these are aggregates of cemented crystalline particles. They disaggregate when 
rubbed with the finger. 

A^regates resistant to the Intemational-A dispersion method but which are broken 
down by boiling with 0.1 N NaOH and rubbing with the firmer. Aggregates shown in figure 
2 are from a typical loess. 

Volcanic glass containing ducts filled with cement or fine particles, resistant to the Inter- 
national-A dispersion method. Such material can be cleaned by boiling with 0.1 N NaOH 
and rubbing with the finger (fig. 3). 

Crystals with a very rough surface, which carmot be cleaned by the alkali and rabbing 
methods. The crystals shown in figure 4 are from a soil developed on sand dunes. 

Volcanic glass coated with cement. ligure 5 shows seme of the fragments that were 
redstant to the Intemational-A dispersion method. After boiling with 0.1 N NaOH and 
rabbing with the finger, the appearance is very different, as shown in figure 6. 




Fig. 1 Fig. 2 


Fig. 1. C^OLLOiD-CoATED Crystals Found in a Red Soil (Misionbs) after Application 
OP THE International-A Dispbrsion Method 
Fig. 2. Typical Loess Soil Aggregates, Resistant to the International-A Dispersion 

Method 

They can bo broken down by boiling with 0.1 N NaOH and rubbing with the finger 




Fig. 3 


Fig. 4 



Fig 5 


Fig. 3. Fragments of Volcanic Glass Containing Ducts Filled with Cement or Pine 
Particles Resistant to the Intern itional-A Dispersion Method 
They can be cleaned by boiling with 0.1 N NaOH and rubbing with the finger 
Fig. 4. Rough Crystals from a Soil Developed on Sand Dunes 
They are resistant to cleaning by the alkali and rubbing methods 
F'ig. 5 Volcanic Glass Coated with Cement and Resistant to the 
International-A Dispersion Method 



Fig. 6. Crystals Similar to Those in Figure 5 after Boiling with 0.1 *V NaOH 
AND Rubbing with the Finger 

Fig. 7. Aggregates op Fine Particles Resistant to the International-A Dispersion 

Method 
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Aftftrc'ftalcs <»r hue particles resistant to the Intcrnational-A dispersion method. These 
arc verv small crystals cemented into an opa<iuc mass (fift. 7), which on boiling with O.l N 
NaOIl and rubbing, generally resolves into fine particles. 

The hHjnrilhmic graph. ITio results of the mochaiiieai analysis (1) are expi-esscd 
in the tisutil graphic fonn, the logarithm of the maximum (liameier of the gi-anules 
being plotted on the abscissa and the corresponding jiccumulat(‘d percentage 
on the ordinate. If instead of the percentage we plot its logarithm, a more illus¬ 
trative graph within the range of 1 to 20#t is obtained. This method of plotting 
was suggt'sted by James in 1934 (7). 

For many of our soils it was found that between these limits the logarithmic 
giuph is a straight line, provided that the grading of the soil is regular, that the dis¬ 
persion of the soil colloid is good, and that coagidoMon does not occur during the 



Fia. 8. IjOo.vrithmic Giupiis as Tests of the Ae< itewy op the MKciiANiCAii Anauysib 

OF Homs 

I, llcgular grading; sedimentation withoul eoagultilion. IT, Dispersion raiiun*. Ill, 
Possible coagulation. IV, l*redomination of one fraction (07.7 jicr eeiil, 20-2(XV). 

sedimentation process (euiTc I, fig. 8). In this ease, between the pere(*ntage of 
particles P and the coiTosponding maximum size D th(‘ following ralation holds: 

Log P = m log D + K 

in which slope m and the constant K ai-c characteristic of the soil. 

In applying this method to our soils, it was foimd further that when one size- 
fraction predominates, the emwe is not a straight line (curve IV); when the 
dispersion method is not adequate, the cuiwe drops more rapidly (curve II); 
and when coagulation occurs, the last readings are faulty, and therefore the 
last points fall below the line (cuiwe III). 

This graphic presentation has all the advantages of a straight line plotting, 
such as easy construction and easy and reliable inteipolation. It gives a simple 
criterion which can be used as a guide for controlling the dispersion, which is of 
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immediate application, and which necessitates no other test or determination 
subsequent to mechanical analysis. 

Indired methods 

Among the relationships used as an indirect control of the results of mechanical 
analysis, the most noteworthy is that between the base-exchai^ capacity (T 
value) of the original sample and its clay and humus contents. 

As a first approxiination, it is supposed that this relation is of the type 

T = aA +pH (1) 

where A is the percentage of fraction smaller than 2/t, H the humus content, and 
a and P the exchange capacities in milliequivalents per gram of clay and of humus 
respectively. 

Jn an investigation on soil samples containing humus formed under very dif¬ 
ferent natural conditions, an approximately constant adsoiption coefficient of 
5.5 m.e. per gram was found (5). Equation (i) can therefore be written in the 
form 


_T- 5.5H 
A 


(«) 


The coefficient a has been the subject of special research (6):—Prom typical 
soils 22 selected samples were separated into two fractions, one including all the 
particles greater than 2n, and the other, particles smaller than 2/4. The tech¬ 
nique used in the preparation of the sample was that described for mechanical 
anal 3 rsis, and the separation was controlled with the petrographic microscope. 
The base-exchange capacity of each fraction was determined, with the following 
results: 


The base-exchange capacity of the fraction smaller than 2/< varied between the limits 
0.45 < a < 0.67,inmilliequivalents per gram of fraction. 

The clean samples of the fraction greater than 2/1 had almost no base-exchange capacity. 

The base-exchange capacity of the entire fraction greater than 2a varied between 0 and 
0.054 m, e. per gram, the higher values corresponding to samples for which the microscope 
showed the occurrence of aggregates and coatings. 

In applying formula (2), therefore, a value for a must be obtained within the 
^ven range, otherwise the results of the analysis may be doubtful. 


SUMMARY 

This paper points out that the mechanical analy^ of soil, from a pedolo^cal 
point of view, should sh.ow the soil composition in mineral particles after these 
have been freed as completely as possible of cements and surface coatings. The 
content of particles less than 2n in diameter can be determined most accurately. 
Experimental conditions that must be met in file adequate preparation of soil 
samples for mechanical analysis are described in detail. Besults of investiga¬ 
tions on soil colloid dispersion and oxidation of organic matter, as well as the 
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experimental technique developed from these investigations, are given. Direct 
and indirect control methods are described for determining the degree of separa¬ 
tion and cleansing of the particles, and for evaluating the results obtained. 
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Soil oi^aoic matter has been shown to consist principally of li gnin or a lignin- 
humic complex (10,12). Among other roles, this material serves as an absorbent 
of free ions and as an agent in transferring ions from minerals to the soil colloids 
and eventually to the plant (1, 6, 7). Are these properties due to functional 
groups in lignin or are they dependent upon alterations of the lignin molecule 
which occur in the soil? 

This paper is a report on experiments conducted on purified aUfflli l^pfin, 
in order to determine the possible role of li gnin in the absolution of minerals 
by plants. Since this process concerns principally the exchange capacity of 
lignin, the emphasis is placed upon the quantitative and qualitative aspects of 
the acidic groups. The former aspect deals with the magnitude of the exchange 
capacity and some of the factors which affect it; the latter deals with an evalua¬ 
tion of the strength of the acids involved. 

BIATBRUXiS AND HNTHODS 
Corncob lignin 

Finely ground corncobs were extracted in a Soxhlet extractor with a solution 
of alcohol-benzene for 8 hours. The extracted material was dried, then extracted 
exhaustively with a solution of cold 4 per emit sodium hydroxide. The filtered 
extracts were neutralized and then acidified with sulfuric acid to make a 3 per 
cent acid solution. The contents were then refluxed at the boiling point for 4 
hours to hydrolyze the hemiceUuloses. The residue, crude lignin, was washed 
free of acid, dried, powdered, and further purified with alcohol and acetone. 
Lignin prepared in this manner is called “alkali lignin.” It contained 0.06 per 
cent ash and 0.7 per cent nitrogen. This fraction was used in all the following 
experiments. 


Base exchange 

Determinations of base exchange were made by titrating the electrodialyzed 
sample electrometrically with 0.1 N potassium hydroxide to a pH of 7. The 
number of nuUiequivalents of potassium required for 100 gm. of material was 
then calculated. The base was added in quantities of 1 to 2 ml. per 24 hours 
and allowed to stand with frequent stirring. 

McMlieation tests 

In order to test the ability of isolated lignin to mobilize ions from minerals, 
the following procedure was used. Crystals of calcite weighing about 3 gm. 

1 Contribution No. 469 of the Massachusetts Agricultural Experiment Station. 
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were smoothed on the comers to avoid mechanical losses, treated with add, then 
carefully washed, dried, and wd^bed. Such crystals, in triplicate, were placed 
in perforated test tubes (25 by 200 mm.), which were inserted in cork stoppers of 
sufficient size to fit wide-mouthed bottles containing the suspension of dectro- 
dialyzed lignin. Each bottle was equipped with a stirrer by which the suspen¬ 
sion could be agitated. By wd ghing the crs^stals at intervals and by the use of- 
control tests, losses in the wei^t of the cr 3 rsta]s due to the mobilization of ions 
by lignin could be determined. 

Electrodialysis was brou^t about in a Mattson cell, using 110 volts for ap- 
proximatdy 150 hours. 

A glass electrode was used in all electrometric work. 

THE QUANTITATTVES ASPECT OP THE ACIDIC OBOXTPS OP LIONIK 

Id. •mftldTig base-exchange determinations on lignin in an aqueous suspension, 
the granular appearance of the material indicated that a maximum reaction 
might , Dot be taking place, lignm when precipitated by acids from an alkaline 
solution consists of fine and apparently fully hydrated particles of a gel-Uke 
appearance. In order to approach this condition as nearly as possible the 
precipitated lignin was kept in such a state during its preparationior tests. In 
this condition the exchange value was approximately 122 m.e. per 100 gm. of 
li gnin in contrast to 15 m.e. obtained on the air-diied material. 

To determine further the variations in exchange values, aliquots of the same 
suspension were brou^t to dryness on a steam bath at about 85°C. This treat¬ 
ment lowered the enhanced values to approximately 11 m.e. Subsequent treat¬ 
ment of this material in the manner described above increased this value to al¬ 
most that of the original. In general, these results indicate that changes in 
exchange values observed on drying are due chiefly to an inactivation of the 
base-binding groups. It seems more fitting, therefore, to speak of the potential 
exchange capacity of isolated lignins, since this phenomenon appears to be largely 
dormant in dried samples. It is known that colloidal humus behaves like a 
hi^y hydrated suspensoid; hence, perhaps it is not unreasonable to suspect 
that hydration pla 3 rs a considerable part in the behavior of oiganic matter even 
at this stage. The loss of base-exchange capacity upon drying may be due in 
part to dehydration. 

McGeoige (10,11) noted that leaching of lignin and lignohumates with basic 
hydroxides, hydrochloric acid, and a solution of a salt such as an acetate, which 
will yield hydroxyl ions on hydrolysis, increased the exchange capacity. He 
believed that this change was probably due to hydrolysis. Lein (9) believed 
that sodium hydroxide oxidized certain substances, thereby increasing the ex¬ 
change capacity. Increases obtained by Lein, however, were considerably 
smaller t han those recorded by McGeorge or those indicated in this paper. 

In the bdief that increases in base-exchange values of soil organic matter may 
be due in part to progressive oxidations, samples were subjected to alkaline 
oxidation (5). This procedure indicated an oxidation value of 172 ml. of 0.1 N 
iodine per gram of lignin. One of the products formed was iodoform. This 
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has been^obtained by similar treatment of lignin from other sources (8, 13). 
This product could be produced by the action of sodium hypoiodite upon some 
of the proposed 3-carbon compounds that are believed to be attached to the 
aromatic nucleus of li gnin . The oxidized lignin appeared to be conddmrably 
more highly peptized than the usual preparations. Base-exchange determina¬ 
tions on the electrodialyzed material indicated an increase of about 35 per cent. 
The increase is due probably to the presence of the carboxyl group. 

'Mobilization tests on electrodialyzed lignin over a period of about 6 months 
indicated an ability to remove calcium from crystals of calcite. The extent 
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of the transfer was eqmvalent to an exchange value of about 150 m.e. per 100 
gm. of lignin- The reaction is slow and continues over a long period. 

'pprii’. QUAUTATIVB ASPECT OP THE ACIDIC GBOUPS OF LIGNIN 

In order to determine the qualitative factor of acidic groups of lignin, investi¬ 
gators have titrated some fraction of humus electrometrically with a base. The 
curves derived from these titrations, with few exceptions (3,4), have shown only 

dissolved in a dilute solu¬ 
tion of a strong base and subsequently titrated electrometrically with a rel- 


Contrarv to the usual practice, isolated lignin was 
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atively concentrated solution of a strong acid. Prdinunary trials indicated 
that the best results were obtained by saturating a solution of 0.065 N potassium 
hydroxide at 25 C. with electrodialyzed lignin for | hour, filtering off the excess, 
and titrating the filtrate with 1.45 N hydrochloric acid. The results obtained 
are plotted in figure 1. 

The middle section of the curve, indicating buffer action, is attributed directly 
to the li gnin complex. It is realized that the conditions for the occurrence of 
the reaction are not ideal, yet in more dilute solutions the same characteristics 
in the curve are noted, but the intensity is not so great. !A.t this zone, buffer 
action should be great, since the effective system is composed of weak acids and 
thmr potassium ^ts. The weak acids would buffer against bases; and their 
potassium salts, against acids. The region of greatest buffer action is from about 
pH 4.5 to pH 6.5. It is worthy of note that the buffering power comes at a pH 
which is within the range of the reaction of a great many soils. 

In order to gain at least on approximation of the strength of the acids involved. 


use was made of the equation pH = PKo + log 


[salt] 

[acid]' 


From this formula (2) 


it follows that the greatest buffering power against either acid or base occurs 
when the ratio of the components of the last member is 1-1, or when the hydro- 
g^-ion concentration is equal to the ionization constant of the acid; or at the 
point of half neutralization. Such a point is located at approximately pH 5.5. 
Thus the PKo for the acid is equal to 5.5 which is equivalent to an “apparent 
ionization constant” of about 3.16 X 1(H. 


SUMMABT AND CONCLUSIONS 

Expaiments were conducted on purified alkali lignin in order to determine 
the role of lignin in the absorption of minerals by plants. 

It was noted that tire exchange capacity of isolated lignin may be inactivated 
by drying at low temperatures and that it can be reactivated to a considerable 
extent by dissolving in a basic solution and purifying in the hydrated state. 

Oxidation of lignin resulted m an increased exchange capacity. 

When a suspension of electrodialyzed lignin was placed in contact with crystals 
of calcite, a loss of calcium was noted equivalent to an exchange capacity of about 
150 m.e. per 100 gm. of lignin. 

A titration curve obtained by treating, with hydrochloric acid, lignin dissolved 
in potassium hydroxide indicates that considerable buffer action from salts occurs 
over the range pH 4.5-6.5 and that the apparent ionization constants of acids 
which might contribute are of the order 3.16 X 10^. 

The forcing observations would indicate the following: (a) The exchange 
capacity of isolated alkali lignin may be partly depraident upon hydration, and 
it may be increased by oxidation; (6) electrodialyzed lignin exerts a mobilizing 
effect upon minerals; (c) acids having an “apparent ionization constant” of the 
order 3.16 X 1(H may be presmit, in which case thar salts exert a buffer effect 
greatest between pH 4.5 and 6.5. In general, it may be said that purified alkali 
lignin has many of the properties characteristic of soil organic matter. 
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With the growth of plant ecology, the more definite physical and chemical 
properties of the soil were associated with plant distribution within a given 
region. Naturally there has been much disagreement among those actively 
engaged in the study of plant and soil relationships, probably because soil and 
climatic conditions vary tremendously the world over. In fact, such differences 
of opinion led to the establishment of two schools of thought. The chemical 
nature of the soil was cited by one school as having the greatest significance in 
natural distribution of plants, whereas the other school contended that the 
physical properties of the soil exerted the most influence upon the presence or 
absence of particular plant species or associations within a given locality. Of 
the different chemical and physical properties of the soil considered in this con¬ 
nection, perhaps the hydrogen-ion concentration and the moisture relations of 
the soil have been studied the most intensively. These factors have been cred¬ 
ited as exerting much influence upon plant cover, although results indicate that 
relationships existing in one region do not necessarily occur in other localities 
that have been under observation. 

Today, the concensus among those interested in the subject seems to be that 
both the hydrogen-ion concentration and the moisture relations of the soil, 
among other factors, play important roles in governing the type of vegetation 
growing within a given region, much depending upon particular situations under 
question. 


REVIEW OF LITEIIA.TXJBE 

In a survey of the vegetation on Oak Island, near Boston, Massachusetts, made in 1902, 
Hich (12) reported 400 different species growing but discussed no relationships between soil 
and flora. 

Hilgard (8) wrote extensively on the recognition of character of soils from their native 
vegetation and presented many data to show that certain plant species grow on soils of a 
particular chemical and physical make-up. He was especially interested, however, in 
chemical factors of the soil as influencing vegetation. He stressed the point that an eco¬ 
logical analysis aids materially in making a general estimate of the agricultural value of 
land. 

Femald (3) studied soil preferences of certain alpine and subalpine plants occurring in 
New York, New En^and, and eastern Canada. He concluded that . the alpine plants 
are much more dependent upon the chemical constituents of the soil than has been generally 
supposed.” 


1 Contribution No. 472 of Massachusetts Agricultural Experiment Station. 

> Graduate assistant, and research professor and head, department of agronomy, Massa¬ 
chusetts State College. 
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Tillotsun (13) asserted that the physical properties of the soil, particularly the available 
soil moisture, are of the utmost importance in regard to the differences in plant growth and 
plant formations. 

Brooks (1), in 1914, offered suggestions for judging the value and adaptation of land in 
Now England. The soils were classified as inferior, good, the best, on the basis of depth 
and color of surface soil, depth of water table, soil texture, nature of subsoil, and natural 
vegetation. For each of the three types of soils, certain herbs, shrubs, and trees were found 
to be characteristic. It was suggested that, in general, the physical properties of the soil, 
especially the water-holding capacity, are most influential in controlling distribution of 
flora, though it was asserted that some plant species do best on soils of a particular soil 
reaction. 

In an intensive study of soil and plant relationships in Tooele Valley, Utah, Kearney 
et al. (9) 3 Qciade various laboratory tests on soil samples collected in areas of different flora. 
The results showed great differences in the physical and chemical properties of the soils. 
Consequently, the conclusion was reached that a certain plant or plant association in that 
region indicated a soil of certain moisture and salinity properties, all of which could be 
used in estimating value of land for various agricultural purposes. 

From a detailed study of the Pine Barrens in New Jersey, Harshberger (5) concluded that 
soils with a low moisture-holding capacity supported the growth of certain plants, whereas 
other soils with a comparatively higher moisture-holding capacity were characterized by 
the presence of still other species. 

Results of an extensive ecological survey by Pearson (11) in the San Francisco Mountain 
region of Arizona seemed to indicate that chemical properties of soil were not the limiting 
factors in controlling the distribution of plants within a region of uniform climatic condi¬ 
tions. On the other hand, his work inicated that certain physical properties of soil; 
namely, water-holding capacity, wilting coefficient, and permeability, were of great conse¬ 
quence in respect to plant distribution. 

Craib (2) has done a considerable amount of research work in New Hampshire on aspects 
of soil moisture in the forest and its relation to vegetation. Of special interest was the 
idea that the index of productivity of a soil can be measured by the maximum volume and 
the actual volume of available water the soil holds. 

Hicock ei aL (7), working in Connecticut, attempted to establish relationships between 
forest composition and certain soil characters. Their results indicated that in the par¬ 
ticular region studied there was apparently no real correlation between vegetation and 
specific soil types. When the soils were classified into four broad groups on a basis of 
moisture conffitions, however, some relationship did exist between these groups and the 
vegetation. The lack of correlation between certain plants and specific soil types was 
explained as follows: first, that certain soil types might be biologically equivalent, and 
secondly, ''the climatic conditions within the region in which the studies were made are 
generally favorable to the development of fairly luxuriant plant growth. The ecological 
margin of safety in the region is rather wide and it is reasonable to suppose that tho general 
excellence of climatic factors may compensate to some extent for poverty of certain soil 
conditions.” 

Lawrence^ conducted a land cover survey in Washington County, Rhode Island, for the 
purpose of correlating major vegetation units with soil series. His results showed a correla¬ 
tion between flora and soil. Such edaphic factors as soil moisture, relative fertility, and 
physical state of soil were considered extremely important in regard to soil and plant 
relationships. Several plant species were cited as being characteristic of particular soil 
series. No correlation seemed to exist between vegetation and soil type, or between brush 
and soil series. The point was stressed that certain soil types may be biological equivalents. 


3 Lawrence, G. H. M. A study of the influence of soil upon vegetation: A correlation 
between major vegetation units and soil series in Washington County, Rhode Island. 
1983. [Unpublished thesis, R. I. State College, Kingston.] 
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Further, the idea was set forth that “there is a high degree of correlation between produc¬ 
tivity of soil series as evidenced by natural vegetation growing upon them, and the degree 
of selection on the ba^ of productivity—made by the agriculturist in the growing of 
cultivated crops.” 

As a result of research work in the Lake States region, Wilde (16) reported the following 
features to be of prime importance in correlating soils with forest growth: underground 
wator, topography, soil t^ture, soil structure, and nature of soil profile. Water was 
considered to be a very important factor governing (Ustribution of species, mnee soils 
constantly influenced by a high water table (peats, mucks) and poorly drained soils were 
usually characterized by the presence of certain definite plant species. Soils not influenced 
by the water table supported a forest stand determined by the texture of the soil. For each 
of the various textures of these soils, characteristio associated plant species were listed, 
though it was explained that such a classification might lead to difficulties, rince other 
factors must be considered. 

Turner (14) reported that certain soil-topographic features are extremely important in 
influencing the distribution of forest t 3 rpes in Arkansas. Important factors conmdered 
were degree of slope and its effect on drainage, depth of soil, and phymcal structure of 
horizons. Several different soils, varying in these factors, were examined, and for each, 
certain forest types were listed as characteristic. The importance of soil water and plant 
relationships was stressed. 

PCTBPOSi: OF THB INVFSTIOA.TIONS 

The influence of soil conditions on the natural distribution of plants has been 
studied fairly intensively in scattered re^ons of this country and elsewhere, 
but it has received comparatively little attention in New England. If certain 
plant and soil relationships could be uncovered, therefore, they mi^t add to 
existing knowledge on the subjQct, and any information obtained mi ght be val¬ 
uable as a basis for future work in this area. 

The purpose of the study, therefore, was to establitii rdationships between 
the maxunum water-holdup capadty of certain soils in New Englaad and the 
vegetation growing on these soils. The maxintum water-holding capacity was 
chosen as a typical physical property for investigation, since any factor that 
affects soil moisture to an appreciable dpree is important in relation to the 
growth of plants. Inasmuch as the B hoiizion, as well as the A horizon, has an 
important effect on the growth of plants, both vvere considered in this inves¬ 
tigation. Furthermore, the pmpose of the study was, not to discuss reasons for 
the occurrence of particular plants on different soils, but merely to present a 
picture of the situation as it was found in the field. 

BXPBBIMBlSPrAL PBOCIBDUBE 

Field work was conducted during the year 1938 at stations in widely scattered 
sections of New England. Areas under direct observation were selected care¬ 
fully in order that vpetation studied should be as nearly typical of the locality 
as possible. All sites were selected on land not now or recently xmder cultiva¬ 
tion. During the course of the field work, 30 different soil series were en¬ 
countered, thus ensuring a wide variety of soil conditions. 

A special form was devised for recording field data, includirp the number and 
the location of the station, the date, the soil type, the various plant species and 



436 


■VrAUTEB. S. COLYIN ASJ> WAJJTEB S. EISBNMSNOEB 


tibe number of each grooving 'within a desigoated area, and other ecological 
notes. Space was also provided for computing 'the Tn a xunum water-holding 
capacity and recording the pH of both the A and B horizon soil samples taken 
at each station. 

A modifica'iion of the “belt transect” system (15) was employed in listing the 
species and number of trees and shrubs gro'wing on a definite area of soil. A 
50-foot steel tape was used as a transect line, and 'the species and numbers of 
individuals occurring 'within 3 feet of this line were recorded. In several in¬ 
stances, more than one transect line was established, especially in regions that 
esdiibited a 'wide variety of species. Naturally, such a system must be used 
'with much discrimination in order to make fair comparisons between the 'various 
stations examined. 

The 'transect lines established for surveying the trees and shrubs were used as 
a basis for studying the herbaceous cover. list quadrats, 1 yard square, as 
described by Weaver and Clements (15) were located along the transect lines, 
a yardstick and p^ being used to establish the quadra'ts accurately. This 
type of quadrat seemed most applicable in this case, for as Hanson et cd. (4) 
have said, “... the purpose of the quadrat and the nature of the vegetation are 
major factors in determining method to employ.” Here again, the species and 
numbers of each were recorded, the average number of individuals for each 
species per quadrat being reported for the station. 

During -the survey, over 200 species were recorded, though for many of these, 
insufficient information was obtained to warrant statistical analysis. Through¬ 
out the eaiire study the conunon names of the plants concerned have been used; 
Latin names for these appear in the ^ossary. 

The only trees considered were those having a minimuiti height of 4^ feet. 
Also, because of habit of growth, certain plants did not lend themselves to 
sta-tasfical analsrsis. Hence, low blueberry, huckleberry, and Kentucky blue- 
grass were reported on an estimated percentage of ground cover. Furthermore, 
figures presented for broomsedge are on the transect basis, whereas wintergreen 
was tabulated on the quadrat basis. 

Soil samples of both the A horizon and the B horizon tvcrc taken at each 
sta'rion. To ensure a fair sample, several borings were made with a soil auger 
(1^ inches in diameter) along each transect fine, and a composite sample from 
these borings was made. Samples were kept in standard soil boxes until needed 
for further use. 

The water-holding capacities of the A and B horizons were deternuned in the 
laboratory according to the Hilgard method as outlined by Lyon, Fippin, and 
Buckman (10) 'with a few minor changes. Instead of starring 'with a definite 
weight of air-dried soil, wetting the soil, and then wdghing it again, the samples 
were first wetted, then weighed, dried for 24 hours at 110°C., and weighed a 
second time. The percen'tage of water retained was calculated on a dry soil 
basis. It is realized that such capacities obtained cannot be considered as actual 
values normally occurring in undisturbed soil but rather as comparative values. 
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PRESENTATION AND DISCUSSION OF DATA 

Maximum water-holding capacity of the soil and plant disiribution 

For coDvenieQce in tabulating data, the water-holding capacities, which varied 
from approximately 30 to 130 per cent for various soils collected, were grouped 
into 10 classes, each covering an interval of 10 per cent. According to this 
purely arbitrary sjrstem, the number of stations represented in each class is 
shown in table 1 for both the A and the B horizon samples. As would be ex¬ 
pected, the numbers of stations represented by the two horizons in corresponding 
classes differ, since the moisture-retaining power of the topsoil and of the sub¬ 
surface soil at a ^ven station differs, the subsurface almost always holding less 
water than does the surface layer. 

Since an equid muuber of stations was not represented in each water-holding 
capacity class, as indicated in table 1, it was necessary to resort to comparative 

TABLE 1 


Number of stations represented in each toater-holding eapoeity doss of soil considered 


CLASS 

HOBIZONA 

HOBIZONB 




3(MiO 

22 

42 

40-60 

22 

33 

60-60 

32 

44 

60-70 

27 

28 

70-80 

28 

19 

80-90 

23 

16 

90-100 

16 

7 

100-110 

7 

0 

110-120 

6 

0 

120-130 

7 

0 


figures in order to reveal any true relationships that might exist between plant 
species and water-retaining power of soil. Hence, each plant species was treated 
separately in the following manner: 

1. The mmber of individuals occurring in each water-holding class was determined 
from data on field sheets. 

2, The average number of individuals per quadrat or per transect, as the case might be, 
was found for each class of soils by dividing the total number of plants obtained for 
each capacity class (step 1) by the number of stations represented in that particular 
class. 

3, The average numbers of individuals per station for the various classes (step 2) were 
added to obtsun the sum total of the average number of in<Uviduals per station. 

4. Finally, the relative abundance in per cent for each water-holding capacity dass was 
computed by dividing the various values obtained in step 2 by the sum found in step 3 
and multiplying the result by 100. 

Accordingly, table 2 shows relative abundance, in per cent, of certain plants 
present in each soil water-holding capacity class recognized. 

In order to study the picture more clearly, a purely arbitrary system, based 
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TABLE 2 

Relative abundance of certain plants in each water-holding capacity class of soil considered 


ABUNDANCE OP PLANTS ZN WATES-H0LDIN6 CAPAaXT 



son. 




CLASSES OP SOIL 




MEAN WAIES- 

PLANT 

BOBl- 











HOLDING CAPACrry OF 
SOIL 

ZON 

30- 

40- 1 

1 50- 

60- 

70- 

80- ' 

90- 

IRV 


ll20- 



40 

sol 

m 

70 

80 

90 

100 

110 






per 

per 

per 

per 

per 

per 

per 

per 1 

per 

per 

per cent 



cent 

cent 

cent 

uni 

cent 

cent 

cent 

cent 

cent 

cent 

Alder (speclded) 

A 1 




18 

47 

15 

12 


■ 

8 

81.1 ±1.56 


B 


8 

13 

29 

42 

8 





67.9 dfcl.05 

Anemone 

A 



9 

8 

14 

18 




31 

93.7 ±2.38 


B 



23 

20 

36 

21 





70.5 =tl.06 

Arrow-wood 

A ! 


R 

2 

1 

3 

14 

35 

26 


18 

99.4 ±1.61 


B 

8 

m 

1 

19 

16 


12 

7 



70.7 ±2.06 

Ash (white) 

A 


■ 

10 

8 

6 


21 

32 

■ 

13 

88.3 ±1.63 


B 


D 

16 

21 

35 

20 

7 




72.8 ±1.17 

Beech 

A 


■ 

1 

4 

El 

9 

9 

39 


28 

102.80 ±1.82 


B 


B 

SI 

15 

1 60 

14 



w 


78 ±1.11 

Bellwort 

A 




1 

8 

7 

13 


11 

41 

108.8 ±1.70 


B 





30 

12 

58 




87.8 ± .90 

Birch (black) 

A 

5 

9 

4 

23 

21 

16 



5 


76.9 ±2.12 


B j 

9 

16 

23 

11 

37 

4 





61.3 ±1.44 

Birch (canoe) 

A 

4 

2 

2 

8 

8 

6 

13 

34 


23 

96.5 ±2.40 


B 

5 

9 

11 

18 

20 

37 

i 




70 ±1.53 

Birch (gray) 

A 

9 

26 

18 

18 

m 

5 


13 


1 

63.10 ±2.18 


B 

20 

23 

18 

13 

9 

10 

7 




57.6 ±1.86 

Birch (yellow) 

A 


4 

3 


32 

61 





79.30 ± .95 


B 

10 

7 

83 








52.3 ± .63 

Blueberry (low) 

A 

7 

1 

18 

50 

14 


5 



5 

66.80 ±1.79 


B 

14 

27 

H 

2 

40 



* 



57.7 ±1.64 

Blueberry (high) 

A 


5 

H 

7 

11 

14 

21 

26 

B 

5 

90.7 ±1.98 


B 

1 

11 

10 

7 

38 

28 

5 


■ 


72.4 ±1.42 

Broomsedge 

A 

18 

48 

22 

11 

1 




I 


47.9 ± .92 


B 

65 

26 

9 








39.4 ± .65 

Buttercup 

i 

A 



7 

4 

16 

21 

4 

36 


12 

92.9 ±1.93 

1 

B 


m 

7 1 

45 

18 

2 

18 


■ 


69.9 ±1.45 

Cherry (choke) 

A 

36 

12 


8 

13 

5 

7 

2 

1 


55.30 ±2.06 


B 

1 




13 

El 

7 

7 


■ 


57.3 ±1.78 
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Cinnamon fern 

Cinquefoil 

Dandelion 

Elm (American) 

False lily of the 
valley 

Flowering dog¬ 
wood 

Hardback 

Hemlock 

Hickory 

Huckelberry 

Indigo 

Ironwood 

Jack-in-the 

pulpit 

Kentucky blue 
grass 

Lady^s slipper 
Lespedeza 


par par 
caU cent 


2 

65 9 


per per \ per 
cent cent cent 

21 7 

18 I 18 


15 5 28 30 
21 9 46 24 




1 1 
23 8 17 

2 115 

3 2 10 3 


2 5 6 

1 16 22 31 

1 1 17 14 

3 37 20 16 

2 3 15 

1 15 42 

29 15 6 

33 24 4 IS 

70 22 
57 23 

5 2 

27 47 


55 4 

2 2 
3 1 24 

12 28 1 7 

9 17 24 

48 12 
4 




6 9 4 3 


10 17 50 

22 24 

7 20 13 24 34 

18 34 

5 13 6 1 12 54 

38 44 

62 15 

9 

23 9 8 22 10 15 

8 18 4 

8 34 6 9 

4 6 14 

11 26 32 5 6 

33 9 

46 4 

21 


5 14 34 31 9 

7 19 

1 25 25 45 

41 

4 17 23 52 

12 16 44 


30 7 4 

17 26 7 
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TABLE ^—ComUnwd 

wnauNCB or plants nt vaieb-boidiiiocapaccez 


SLANT 

son. 




CLASSES 07 SOIL 




NEANWATBX.. 

aosi- 











BOUMNG CAPACZTV 07 


ZON 

30- 

40- 

1 so- 

1 00- 

70- 

1191 


1 lOO- 

110- 

120- 

SOIL 



40 

50 

m 

El 

80 

90 


m 

120 

130 





ter 

ter 

ter 

ter 

ter 

ttf 

ter 

ter 

ter 

ter 





cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

1 yw 

Lupine 

A 

67 

33 









38.3 

± .47 


B 

95 

5 









35.5 

± .22 

Maple (red) 

A 

3 

6 

5 

16 

8 

9 

14 

14 

12 

13 

88.6 

±2.57 


B 

1 

g 

25 

8 

20 

14 

22 




71.60 dbl.75 

Maple (sugar) 

A 

2 

H 

2 

9 

10 

13 

17 

32 


14 

93.9 

±2.05 


B 

1 

B 

16 

19 


25 

7 




70.40 ±1.49 

Meadow-sweet 

A 


fl 

B 

6 

21 

6 

14 

23 

m 

18 

97.2 

±2.01 


B 


6 

12 

20 ! 

19 

35 

8 




73.9 

±1.37 

Mountain laurel 

A 

6 

3 

25 

22 

16 

21 

7 




68.00 ±1.56 


B 


17 

60 

11 

8 

4 





1 57.20 ± .95 

Mouse-ear chick-1 

A 





2 

20 

m 

52 


16 

102.60 ±1.29 

weed 

B 



8 

35 

40 

17 





71.60 

± .85 

Oak (black) 

A 

55 

6 

12 

11 

11 

5 





48.2 

±1.67 


B 

42 

40 

9 


9 






i 44.4 

±1.15 

Oak (red) 

A 

3 

7 

6 

11 

10 

13 

19 

29 


2 

84.2 

±2.15 


B 

4 

6 

16 

21 

18 

18 

17 




71.5 

±1.66 

Oak (scarlet) 

A 


16 

6 

18 

26 

9 

6 

6 

7 

6 

76.9 

±2.31 


B 

3 

15 

12 

6 

34 

26 

5 




70.1 

±1.60 

Oak (scrub) 

A 

60 

23 

6 

9 



2 




42.4 

±1.21 


B 

80 

14 

5 

1 







37.7 

± .60 

Oak (white) 

A 

2 

la 

14 

23 

12 

11 

8 

11 

9 


75.7 

±2.21 


B 

6 

19 

11 

19 

11 

9 

25 




68.7 

±2.00 

Rtch pine 

A 

55 

29 

11 

4 



1 




41.9 

± .99 


B 

74 

13 

11 

1 



1 




39.4 

± .91 

Plantain (com¬ 

A 





12 

11 

5 

31 


41 

106.9 

±1.78 

mon) 

1 B 



3 

23 

20 

20 

34 




80.9 

±1.25 

Plantain 

A 






13 

25 

44 


18 

103.5 

±1.21 

(English) 

B 




16 

35 

24 

25 




80.8 

±1.03 

Bed cedar 

A 

2 

25 

15 

9 

35 

10 

4 




64.6 

±1.56 


B 

8 

57 

29 

6 







48.30 ± .71 

Sarsaparilla 

A 

8 

3 


17 

28 

9 

1 

1 

2 

31 

86.9 

±2.93 


B 

5 

22 

15 

17 

41 






61.7 

±1.34 
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TABLE ^---Concluded 


ABUMDANCB Of Pl^AHTS IN WATER-HOLDING CAPACEXy 



son. 




CLASSES OF SOIL 




MEAN 

WATER- 

PLANT 

BORZ- 











■R-nTTiTiffn r AVArmr cee 


ZON 











SOIL 






■r/lV 










■■■ 

per 

per 

per 

Hi 

per 

per 

per 

per 

per 

per 





cent 

cent 



cent 

cent 

cent 

cent 

cent 

cent 


Sensitive fem 

A 





70 

3 

13 



14 

84.9 

=fcl.75 


B 


58 

9 

33 







52.5 

db .92 

Shad bush 

A 


18 

7 

18 

20 

3 

la 


13 

11 

79.4 

db2.68 


B 

39 

3 

3 

3 

45 

7 





58.3 

dbl.99 

Sheep laurel 

A 



2 

9 

24 

22 

28 

8 

6 

2 

87 

dbl.47 


B 


1 

32 

40 


10 





65.3 

=h .96 

Shrubby cinque- 

A 






16 

1 

16 

19 

44 

111.2 

il.61 

foil 

B 


5 


19 

H 

25 

46 




83.3 

±1.43 

Skunk cabbage 

A 





10 

32 

38 



20 

88.6 

± .82 


B 


34 

8 

4 


54 





68.2 

±1.87 

Sorrel 

A 

3 

13 

IS 

35 

2 

15 

11 

3 



67.4 

±1.73 


B 

9 

4 

29 

47 

11 






59.7 

±1.04 

Spotted winter- 

A 

3 

28 

2 

21 

7 

13 

26 




69.4 

±2.04 

green 

B 

8 

6 

18 

14 

21 

33 




1 

68.'3 

±1.60 

Spruce 

A 




14 

6 

16 

19 

37 

3 

« 

93.8 

±1.61 

(Canadian) 

B 



1 

2 

64 

20 

13 




79.3 

± .78 

Strawberry 

A 

7 


4 

2 

7 

12 

5 

34 

14 

15 

96.7 

±2.44 


B 

7 

6 

6 

29 

16 

12 

24 




72.3 

±1.79 

Sweet fem 

A 

3 

40 

30 

21 

3 

2 

1 




10 ±1.09 


B 

41 

15 

41 

3 







45.6 

± .97 

Violet (bird-foot) 

A 


40 

53 

7 







61.70 ± .60 


B 

92 

8 









35 

± .27 

White pine 

A 

7 

7 

14 

7 

9 

10 

14 

13 

4 

15 

83.4 

±2.81 

B 

8 

19 

j 

14 


7 

14 

25 




68.4 

±2.09 

Wild oat grass 

A 

4 

16 

29 


1 



i 



67.8 

± .88 

B 

23 

29 

17 


18 

13 





55 

±1.76 

Wintergreen 

A 


5 

18 

0 

20 

5 

27 



5 

76.3 

±1.93 


B 


14 

32 

20 

13 

21 





64.50 dbl.36 

Witch-hazel 

A 


11 

5 

24 

8 

15 

16 



21 

83.5 

±2.42 


B 

4 


12 

m 

ESI 






71.1 

±1.22 
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on values obtained in this investigation, has been devised dividing the water¬ 
holding capacity range into three major groupings as follows: 

30-60 per cent represents comparatively low water-holding capacity. 

60-00 per cent represents medium water-holding capacity. 

90-130 per cent represents a comparatively high water-holding capacity. 

Plamts characteristic of soil kaoing a comparatioely low water-holding capacity 

Several species of plants seem to be characteristic of the lighter soils of New 
England. Some plsmts usually found growing on well-drained areas, where 
both the topsoil and the subsoil hold little water, are pitch pine, black oak, 
sweet fern, scrub oak, broomsedge, lespedeza, indigo, bird-foot violet, lupine, 
and (^quefoil. In general, these plants were most abundant on the following 
soil series: Carver, Chicopee, Hinckley, Merrimac, and Plymouth, all of which 
(vrith the exception of Plymouth) are outwash soils, light in texture, and under¬ 
lain by stratified sand and gravel. Wilde (16) reported the occurrence of black 
oak and shrub oak on the poorer sandy soils of the Lake States re^on and the 
abundance of sweet fern on the moraine sands. Pitch pine and scrub oak were 
listed by Lawrence* as being common on the well-dramed, sandy soils of southern 
Rhode Island. Hicock at oZ. (7) have recorded the abundance of black oak on 
certain lifter well-drained soils of Connecticut. In the pine barren repon of 
New Jersey, Harshbeiger (5) found that pitch pine and scrub oak grew abun¬ 
dantly on soils having a maximum water-holding of about 45 per cent and that 
black oak was indigenous to soil holdiog about 56 per cent moisture. Hazard 
(6) observed in New Hampshire that near broomsedge and low blueberries were 
found an occasional white pine, pitch pine, gray birch, cherry, and red maple. 
Brooks (1) pointed out that the poorer soils of Massachusetts supported the 
growth of such plants as broomsedge, lespedeza, rabbit-foot clover, lupines, 
gray birch, scrub oak, scarlet oak, and pitch pine. 

Figure 1 shows the relative abundance, as foimd in this study, of three species 
typical of soil having a low water-holding capacity. 

Species charaderistic of soil in which horizon A has a medium water-holding capacity 
and horizon B a eomparatwdy low capacity 

On soils in which the water-holding capacity of horizon A is medium and that 
of horizon B is comparativdy low, low blueberry, huckleberry, mountain laurel, 
and wild oat grass were present in the greatest numbers. Low blueberries were 
noted by Wilde (16) as growing the most abundantly on sandy soils. Harsh- 
berger (5) and Ebzard (6) were of similar oinnion. 

Plants dweracteristic of soil hewing a medivm water-holding capacity 

Black birch, flowering dogwood, hickory, sheep laurel, white ofJr, scarlet oak, 
and wood sorrel have been noted growing on a wide variety of soils, but generally 
these plants were most abundant in areas where both the topsoil and the sub¬ 
surface soil were found to have a medium water-holding capacity. Wilde (16) 
found white oak, red oak, and canoe birch to be common on the better sandy 
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soils. Bed maple, flowering dogwood, white oak, and pitch pine were cited by 
Harshbeiger (5) as bdmg common on the deciduous forest soils. 

The aforementioned species cannot be considered as a group commonly occur¬ 
ring on certain soil series, because many other ecolo^al factors must be taken 
into consideration, several of which are not as yet fully understood. 

The relative abundance curves for black birch and sheep laurd determined in 
this study are ^ven in figure 2. 

Species most dbmdant on soil homing a eomparatweiy high water-holding capacity 

A fairly laige number of plants were found in greatest abundance in soils in 
which the water-holding capacity of the A horizon was relatively high and that 
of the B horizon medium. These include the following species: anemone, ash, 
beech, bellwort, high bluebeiry, buttercup, dandelion, ironwood, Kentucl^ blue- 




Maxlaga lkt«x^Boldlng Gapaelty Bangs 


Fig. 1 


Fig. 2 


Fig. 1. Plants FmsQnBNTLT Found Growing in Soil op Low Water-Holding Capaoitt 
Fig. 2. Plants Frequently Found Growing in Soil op Medium Water-Holding 

Capaoitt 


grass, sugar maple, meadow-sweet, mouse-ear chickweed, red oak, common 
plantain, English plantain, shrubby cinquefoil, spruce, and wild strawberry. 

Brooks (1) observed that sugar maple, white oak, and black oak were indi¬ 
cators of the “good soils” in New England, and that elm, beech, ash, and Ken¬ 
tucky blu^rass were typical of the “best” New England soils. His classificar 
tion was of a very general nature, to be sure, but many of the results obtained in 
this investigation seem to support several of his conclusions, althou^ much rests 
upon how bis soil classification is interpreted. Hazard (6), in her investigation, 
noted that beech, ash, si^ar maple, spruce, white oak, and red oak were assom- 
ated with the better forest soils. 

Figure 3 pictures the relative abundance of three species which, in this study, 
wefh found growing in the greatest quantities on soils havii^ comparatively high 
moisture-retaining capacities. 

Plants apparen&y indifferent to the vxder-halding oapadby of the soil 

A considerable number of species studied were found growing on soils varying 
widely in their moisture-retaining properties. Gray birch, choke cherry, false 
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lily of the valley, hemlock, lady’s slipper, red maple, red cedar, sarsaparilla, 
shad budi, spotted ■wintergreen, white pine, wintergreen, and witch-hazel were 
among those of widespread occurrence. Table 2 reveals that several of these 
plants, gray birch and choke cherry, for example, are more abimdant in one soil 
class than in another, but in general their range of tolerance is not narrow in 
respect to the water-holding capacity of the soil. 

i^th Wilde (16) and Hazard (6) have demonstrated that white pine occurs 
on a wide variety of soils. Red maple, wild black cherry, and false lily of the 
valley were clasrified by Hicock et ci. (7) as brii^ well represented on all types 
of soil although red maple was most common on the poorly drmned and organic 
soils. Lawrence* foimd that no definite relationship erists between distribution 
of gray birch and soils on which the plant exists. 



lEtlwroAoldllBg CufMtSAf 


§ - BadKapl« 

o 



SO-00 S0*70 7D-80 90-110 m-180 


MndjMB 

Pig. 3 Fig. 4 

Fig. 3. Puints FEEQTn!iNTi.T Found Gbowesg in Soil op High Watee-Holding CAPAdT? 
Fig. 4. Plants Found Gbowing in Soils op Both Low and High Wateb-Holding 

Capacities 


ligure 4 presents curves for three plants that were found, in this investigation, 
to be common on several soil types. 

Phrii di^ribfution and UdlogicaUy equmdeni soil types 

Several plants, notably arrow-wood, elm, hardback, skunk cabbage, sensitive 
fern, hemlock, red maple, cinnamon fem, and yellow birch, were often found on 
soils in which the n>a.TriTniiTn water-holding capacity of the topsoil varied widely 
from that of the subsurface soil. Although the subsurface soil held much less 
water than the topsoil, the water table was invariably hig^. Thus these plants, 
usually characteristic of moist soil conditions, may or may not indicate the 
moisture-holding capacity of the soil. Hence, despite the comparatively low 
water-holding capacity of the sandy subsurface layers of such soil series as Whit¬ 
man and Scarboro, plants such as those named occur on these soils, dnce we have 
a biologically equivalent soil condition as explained by Hicock ef ol. (7) in respect 
to plant distribution. In other words, the high water table or poor drainage 
compensates for the inability of the subsurface soil to hold water. Wilde also 
found such plants as alder, ash, elm, red maple, yellow birch, willow, and white 
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pine growing in abundance on soils under permanent or partial influence of the 
water table. 

SUMIOlBT 

The m a ximum water-holding capacity of the solum has been found to be a 
factor in the natural distribution of some plants. Exception must be made, 
however, in the case of soils that are under the direct influence of the water 
table, as previously e3q>lained by Wilde (16) and others. Results of a study in 
widely scattered sections of New England indicate tiiat certain trees, shrubs, 
and herbs grow in the greatest abundance on soils of particular water-holding 
raises, whereas other species are mdiffer^t to this soil factor as influencing 
their natural distribution. 

The natural v^etation of an area may serve as an indication of the value 
of soil incident to growing a crop without increased risk of drou^t or pressure 
of ^cessive moisture. 

GLOSSABT 


Alder (speckled). 

Alnm ineana (L.) 

Elm (American). 

Vlmus americana L. 


Moench. 

False lily of the val- 


Anemone.. 

. Anenume quingue- 

ley. 

Maianthemum cotui- 


folia L. 


danse Desf. 

Arrow-wood. 

. Vibtarnum dentaium 

Flowering dogwood.. 

Comtts florida L. 


L. 

Hardback. 

Spiraea tomeniosa 

Ash (white). 

. Fraxinus americana 


L. 


L. 

Hemlock. 

Tsuga canadensis 

Beech. 

. Fagus grandifolia 


(L.) Carr. 


Bhrh, 

Hickory. 

Carya spp. 

Bellwort. 

. Umdaria perfoUata 

Huckleberry. 

Gaylmsacia baccata 


L. 


(Wang.) C. Koch. 

Birch (black). 

. Betvla Unta L. 

Indigo..... 

Baptisia tinctoria 

Birch (canoe). 

. Betvla dUba var. pa~ 


GL.) R. Br. 


pyrifera (Marsh.) 

Ironwood. 

Carpinus caroliniana 


Spach. 


Walt. 

Birch (gray). 

. Betvla populifolia 

Jack-in-the-pulpit.... 

Arisaema triphyllum 

Marsh. 


(L.) Schott. 

Birch (yellow). 

. Betulal Michxf. 

Kentucky bluegrass.. 

Poa pratensis 

Blueberry Gow). 

. Vaecinium pennsyU 

Lady’s slipper. 

Cypripedium arieti- 


vanicum Lam. 


num 

Blueberry (high).... 

. Vacdniumspp. 

Lespedeza. 

Lespedeza capitata 

Broomsedge. 

. Andropogon sco- 

Lupine. 

Lupinus perennis 

panics Mishx. 

Maple (red). 

Acer rubrum 

Buttercup. 

. Banwmdus hvKkosm 

Maple (sugar). 

Acer saccharum 

L. 

Meadow-sweet. 

Spiraea hxtifolia 

Cherry (choke). 

Prunus virginiana L. 

Mountain laurel. 

Kalmia Icdifolia 

Cherry (wild black). 

. Prunus serotina 

Mouse-ear chickweed. Cerastium vulgatum 

Cinnamon fern. 

. Osmunda cinna- 


L. 


tnonea L. 

Oak (black). 

Quercus velviina 

Cinquefoil. 

. Potentilla mwidensis 


Sam. 

L. 

Oak (red).. 

Qtcercus rvbra L. 

Dandelion. 

. Taraxacum ojBUcpnale 

Oak (scarlet). 

Quercus cocdnea 


Weber. 


Muench. 
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Oak (scrub). Querms ilicifoUa 

Wang. 

Oak (white). Qmrcus alba L. 

Pitch pine. Pinus rigida Mill. 

Plantain (common).. Plantago major L. 

Plantain (English)... Plantago lanceolata 
L. 

Red cedar. Junipertzs virginiana 

L. 

Sarsaparilla. Aralia nudtcaulia L. 

Sensitive fern. Onoclea sensibilis L. 

Shad bush. Amelanchier cana¬ 

densis (L.) Medie. 

Sheep laurel. Kalmia angustifolia 

L. 

Shrubby cinquefoil... Potentilla fruticosa 
L. 


Skunk cabbage. Symplocarpus foe- 

tidiLS (L.) Nutt. 

Sorrel. Bumex acetosella L. 

Spotted wintergreen. Chimaphila umbel- 
lata (L.) Nutt. 

Spruce. Picea canadensis L. 

Strawberry. Fragaria virginiana 

Duchesne. 

Sweet fern. Myrica asplenifolia 

L. 

Violet (bird-foot)— Viola pedata L. 

White pine. Pinus strobus L. 

Wild oat grass. Danthonia spicata 

(L.) 

Wintergreen. Gaidtheria procum- 

bens L. 

Witch-hazel. Hamamelis virgini¬ 

ana L. 
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MAGNESIUM DEPLETION IN RELATION TO SOME CROPPING 
SYSTEMS AND SOIL TREATMENTS* 

WM. A. ALBRECHT, WM. J. PETTYJOHN, and EUGENE O. MoLEAN* 
Urmersity of Missomri 
Beceived for publication January 22,1943 

The concept that plant nutrition is an exchange process between adsorbed 
ions on the colloidal fraction of the soil and the hydrogen ions on the roots (3, 
4) naturally directs attention to the cations on the list of the plant nutrients. 
Among these, calcium and its singular activities have already had fruitful con¬ 
sideration (1, 2, 5). Studies have revealed the more or less b affling behavior of 
potassium that still is challenging attempts at explanation (7). Magnesium 
has been the subject of little research (9) in the glacial soils, though it has had 
attention in soils more highly developed (8). Consideration may well be given 
to the magnesium supply and its exchange activities between the soil complex 
and the plant as these are related to the continued and sufficient delivery of 
this nutrient for utilization by the plant.* 

Now that calcium is becoming a common soil treatment, its companion cation, 
magnesium, deserves attention. This is particularly timely if we are to learn 
of its behavior in connection with the heavy lime applications given many soils. 
Then, too, the declining soil fertility manifested in greater magnesium-deficiency 
symptoms in plants, particularly the soybeans, must naturally demand early 
attention to magnesium in the soil. Because of these facts, magnesium was 
given exploratory attention in two soil studies. One consisted of a survey of 
the magnesium supplies in the soil as revealed by rapid tests in 600 soil sam¬ 
ples collected in the State of Missouri during 2 years. Another study in¬ 
volved analytical attention to the soils of some of the plots from the research 
station at Bethany, MBssouri, in cooperation with the Soil CJonservation Service. 
In these, particular attention was given to certain cropping systems and soil 
treatments as they are related to the depletion of magnesium. 

MAGNESIUM IN MISSOXJBI SOILS 

Of numerous samples received by the laboratory for tests, those which could be 
specificially classified as to soil type were used. In addition, samplings were 
made specifically for this study. Though about 100 soil types of Missouri were 
represented, the bulk of the samples were from approximately 12 of the most 
common types. 

The tests of magnesium were made according to the rapid method of Baver 

1 Contribution from the department of soils, Missouri Agricultural Experiment Station, 
Columbia, Missouri, Journal Series No. 884. 

> Professor of soils and graduate assistants in soils, respectively. Acknowledgment is 
made of the stimulation and encouragement in this study from the International Minerals 
and Chemical Corporation, through their agronomist, David D. Long. 

447 



448 


W, A. ALBRECHT, W. J. PETTYJOHN, AND E. O. MCSLEAN 


and Bruner (6). The sofl was leached with 0.3 N hydrochloric acid, and the 
magnesiuni was precipitated as a colloidal hydroxide colored with titian yellow. 
The values used by Baver and Bruner as standards ranged from 0.25 to 2.00 
m.e. magnesium per 100 gm. of soil or from 60 to 480 poimds per acre 2 million. 
The medium figure was taken as 240 pounds per acre. Soils containing less were 



FlO. 1. ibCGHANGEABLE MaGNESITJM, AS POXJNDS PEB ACBE, IN THE SoiLS IN DIFFERENT 

Abeas of Missouri 

adjudged as “low” and those containing more were considered “high” in mag¬ 
nesium. 

The results of this inventory are presented graphically in figure 1, which shows 
the soils as groups in the different geographic areas of the state. Two of the 
areas, namely, the southeastern part and the southwestern prairie were not rep¬ 
resented by a suflScient number of samples. They are included, nevertheless, 
for their indicative values. The samples of the former of these two areas are 
all sandy loams. The remainder of the soils for the state were mainly silt loams. 

The less leached soils contained the more magnesium. Those progressively 
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more developed showed lower contents of this plant nutrient. The most signif¬ 
icant revelation of this inventory is the fact that even the area of soils with the 
highest magnesium content did not reveal as much as 240 poimds per acre, con¬ 
sidered as medium in amount. The mean for the 600 samples of the state was 
168 pounds per 2 million. Thus, either all the soils of Missouri are significantly 
low in magnesium, in general, or the standards set for this test by Baver and 
Bruner (6) are too high. 

That the soils of Missouri may be generally low in magnesium is su^ested by 
numerous cases of plant symptoms indicating magnesium deficiencies, particu¬ 
larly on soils with crops in close sequence under reduced amounts of plowing. 
Further suggestion comes from studies by Graham (10). When he used the 
separated silt fraction from an Iowa surface soil after it had been treated with 
acid clay, the magnesium content of the crop grown on it was no higher than that 

TABLE 1 


Changes in degrees of saturaiion of the soil complex by calcium and magnesium and in the 
organic matter and nitrogen contents of the soil from 19S1 to 19S7 


CBOP AND SOU. TSEATUENT* 

SATUSATION BY 

PEBCENTAGE OP 


CaldlUBL 


Organic matter 

Nitrogen 

Bluegrass—no treatment. 

Increase 

Increase 

Decrease?! 

Decrease 

Increase 

Increase 

Alfalfa—^lime plus phosphate!. 

Increase 


Rotation—^lime plus phosphate. 

Increase 

Decrease 

Increase 

Increase? 

Rotation—no treatment. 

Decrease 

Decrease? 

Decrease 

Decrease 

Fallow surface—no treatment. 

Decrease 

Increase 

Decrease 

Decrease 

Fallow subsoil—no treatment. 

Decrease 

Increase 

Decrease 

Decrease 



* Complete data were reported by Whitt and Swanson (13, table 3) for these treatments 
and crops. 

t Where the data are not entirely consistent in their trend for all of the four determina¬ 
tions, 1931,1933,1935,1937, the general trend is given with a question mark. 

(Phosphate and lime were applied in 1930, and phosphate at three-year intervals 
thereafter. 

of the planted seed. These observations suggest that there may be insuflGicient 
exchangeable magnesium on the colloidal fraction of the soil, and insufficient 
active reserve of this element in the silt portion of even the recently glaciated 
soils. Such facts suggest attention to possible magnesium shortages for crops 
on Missouri soils of older glaciations and of more intensive development at higher 
temperatures, 

CROPPING SYSTEMS, SOIL TREATMENTS, AND POSSIBLE MAGNESIUM DEPLETION 

In connection with the research work at the Soil Conservation Esperiment 
Station on Shelby loam, a glacial drift soil, the exchangeable calcium and mag¬ 
nesium were determined in differently treated soils sampled to surface depths 
at three biennial intervals representing a total of 7 years (1931—1937) in the 
history of the treatments (13). Similar determinations were made at the end 
of the fourth biennial period on successive 1-inch soil layers down to 13 inches 
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in the permanent bluegrass sod in the plot series. Determinations were made, 
at the same time, of the nitrogen and of the organic matter by means of carbon. 
The soils sampled and studied for magnesium, included (a) three plots in a rota¬ 
tion of com, wheat, clover-timothy, with no treatment, (6) similar plots with 
lime plus phosphate, (c) alfalfa with lime plus phosphate, (d) bluegrass with no 
treatment, (e) fallow treatment on a surface soil, and (/) similar treatment on 
an exposed subsoil. It was on only the permanent bluegrass sod that the samples 
were taken as 1-inch layers in 1939. The other samples were taken as the sur¬ 
face 7 inches in a sin^e sampling, several samplings being composited in each 
case for the plot. 

The changes in the amounts of exchangeable calcium and magnesium with 
time in these soils under different treatments direct particular attention to the 
magnesium. These trends along with those for the percentages of carbon and of 
nitrogen during the 7 years represented by four successive analyses are listed 
in table 1. 

Decrease in Tnagnesium saturation under apparent soil improvement 

It is particularly noteworthy that though the shifts in calcium saturation, in 
organic matter, and in nitrogen were generally in the same direction, the shifts 
in magnesium saturation seemed to be in the opposite direction. Under those 
crops and soil treatments which have commonly been considered as soil-building, 
e.g., the use of lime and phosphate, the growing of alfalfa and bluegrass, or those 
that demonstrate trends toward increase in the organic matter, in the nitrogen, 
and in the degree of calcium saturation in the soil, there was a trend toward de¬ 
crease in the degree of magnesium saturation of the soil. This was true for 
crops that allowed a minimum of erosion to bring soil from the lower into the 
upper layers through plowing. Then again, the rotation and the fallowing— 
aU without soil treatment—^which give a decrease in the organic matter, in the 
nitrogen, and in the calcium saturation, sen^e to give an increase in magnesium 
saturation. Here higher magnesium saturation in the subsoil layer plowed into 
the surface as a consequence of truncating the profile by erosion may be respon¬ 
sible. Thus, vrhile soils were impro\Tng in calcium saturation and in nitrogen 
and organic matter content under little or no erosion, the magnesium saturation 
was decreasing. Contrariwise, while soil depletion with respect to calcium 
saturation, nitrogen, and organic matter was occurring along with possibly some 
erosion, the degree of magnesium saturation was increasing in this soil. 

This suggests that the lower crop production and the fallowing, which allow 
exchangeable calcium to be lowered in concentration while some erosion is oc¬ 
curring, serve to increase the degree of saturation of magnesium. Bluegrass, 
however, without soil treatment has entirely the opposite effects. Its effects on 
the soil correi^nd with what happens when either a legume-containing rotation 
or continuous alfalfa is given lime and phoi^hate. Bluegrass is thus a soil- 
builder as shown by comparison of these soil properties. 

That the bluegrass crop, without soil treatment, is singular in this respect 
among these limited numbers of cropping systems tested is further supported by 



MAGNESIXTM IN SOILS 


461 


the quantitative data from the 1-inch layers of the soil in the grass sod. This is 
indicated by the distinct differences between the upper seven 1-inch layers of 
surface soil and the lower six layers of subsurface soil. This was a profile that 
was not being truncated by erosion and was not given lime and phosphate, yet 
the surface soil bearing the bluegrass roots was decidedly low in magnesium 
saturation in contrast to the subsurface. The data are assembled in table 2. 

TABLE 2 


Degree of soil saturation hy calcium and magnesium, and percentages of organic matter and 
nitrogen in the surface and subsurface layers of permanent bluegrass* 


BLItEGSASS 

SATUBAHON BY 

PESCENTAGE OP 

CyN 

Caldum 

Magneduxn 

Organic 

matter 

Nitrogen 


percent 


percent 

m,e. 




Surface seven 1-inch layers, 


• 






mean... 

61.3 

11.74 

19.4 

3.30 

3.73 

0.180 

11.98 

Subsurface six 1-inch layers, 








mean. 

56.9 

15.52 

30.4 

8.28 

2.06 

0.106 

11.22 

Difference due to bluegrass 








roots. 

4.4 


11.0 


1.67 

0.074 

0.76 


Increase 

Decrease 

Increase 

Increase 

Increase 


* This plot was seeded to bluegrass with timothy in 1930. It had been in cultivated 
crops previously. Complete data for the successive 1-inch layers were reported by Whitt 
and Swanson (13, table 2). 


TABLES 

Increasing organic matter, nitrogen, and calcium saturation and decreasing magnesium 
saturation in a treated soil growing alfalfa* 


DATES OP 
SAlCPUNGt 

IDOSANGB 

CAFACm* 

SATDXATION BY 

PEXCENTAGC OP 

Calcium 

jVIagnesium 

Organic 

matter 

Nitrogen 


m^. 

per cent 

mjc. 

per cent 

m,e. 


■■I 

1931 

18.95 

58.10 

11.01 

21.16 

4.01 

3.79 


1933 

19.17 

64.79 

12.42 

17.06 

3.27 

3.91 

■9 

1935 

20.02 

87.71 

17,56 

17.33 

3.47 

4.05 


1937 

19.72 

77.33 

15.25 

16.84 

3.32 

4.02 

■■ 


* These data were reported by Whitt and Swanson (13, table 3). 
t Soil treated in 1930. 


Here again the soil zone bearing the many bluegrass roots and experiencing 
the effects of the crop was higher than I3ie subsurface with its few roots, in those 
respects that represented increase with time (table 1); namely, organic matter, 
nitrogen, and calcium saturation, whereas it was much lower in magnesium 
saturation than the subsurface. Bluegrass apparently built up the soil in some 
respects while it was depleting the aclive magneaum supply in the absence of 
erosion. 
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Alfalfa aa a crop with the soil treatments of limestone and phosphate was simi¬ 
lar to bluegrass under no treatment in giving increases in the organic matter, 
the nitrogen, and the d^ree of calcium saturation, while the degree of magnes¬ 
ium saturation was decreasing. This is shown by the data in table 3. 

Increase in calcium saturation and decrease in magnesiian saturation 

after liming 

Where the limestone was applied for alfalfa in 1930, as shown in table 3, the 
calcimn saturation, and with it the organic matter and nitrogen, mounted stead¬ 
ily until 1935. By 1937 the calcium saturation was declining, thou^ it was still 
almost 20 per cent above the value given by the determination in 1931. By that 
late date the contents of oiganic matter and of nitrogen were no higher than 
those of the sampling immediately previous. While these three factors were in- 
creating, tire d^ree of magnesium saturation was decreasing. According to 
these data, the alfalfa crop on the soil given lime and phosphate was reducing 
magnesium saturation more drastically than was the bluegrass on the same soil 
without treatment. The reduction was even more drastic under alfalfa than 
imder rotation on the soil given limestone and phosphate. These reductions in 
magnesium imder alfalfa were coincidental with an increase in the saturation 
of the soil by calcium. 

Bluegrass without limestone applications was bringng about an increase in 
calcium saturation of the soil colloid similar to that under Umed alfalfa. This 
movement of limestone, for 5 years, from the applied crystalline into the adsorbed 
form on the soil colloid and the resultant increasing saturation may be the ex¬ 
planation of the better l^ume crop growth with time after limestone applica¬ 
tions. Tbe increased calcium saturation under bluegrass without lime applica¬ 
tions has been su^ested by Whitt (12) as an explanation for the periodic advent 
of white clover in blu^rass sods. 

While the soils under cropping with no erotion (alfalfa and bluegrass) were 
undergoing reduction in magnesium saturation and increase in calcium satura¬ 
tion, tirose under fallow, with erosion, were showing the opposite effects. The 
cases under study were not numerous enough to warrant generalizations; never¬ 
theless, they surest that soil-conserving crops and soil treatments are associated 
with lowered magnesium saturation and that erosive crops are associated with 
increased magnesium saturation. Thou^ the degree of magnemiun saturation 
was reduced by bluegrass without soil treatment, it was reduced more by rotation 
with lime and phosphate treatments, and still more by alfalfa with these same 
soil treatments. Whereas bluegrass rmsed the percentage of calcium saturation 
by one fourth, it lowered the magnetium saturation by one twentietii. For the 
rotation with lime and phosphate, the saturation went upward as much as one 
third for the calcium and downward one fifth for the magnedum. Underfallow 
and erodon, the surface soil decr^tsed in calcium saturation equivalent toabout 
one twentieth but increased in nugnedum saturation as much as one seventh. 
The desurfaced soil, or exposed subsoil, under fallow decreased in calcium satura¬ 
tion by about one twelfth but increased in magnesium as much as one third dur¬ 
ing the 6 years. 
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Truruxxtion of profile in relation to changes in magnesium saiuration 

Truncation of the profile by erosion on the 8 per cent slope may offer an ex¬ 
planation of the increase in magnesium saturation in the fallow soils. What 
truncation was doing was shown by the successive l-inch layers (13) which were 
studied only under the bluegrass sod where no erosion took place. If we assume 
that the bluegrass crop was without disturbing effects at depths of 7 to 13 inches, 
and that the profiles of the bluegrass and of the fallow surface plots were the same 
at the outset, then if truncation from 1930 to 1937 were to increase the magnes¬ 
ium saturation of the fallow surface plot to the figure of 23.37 per cent as a mean 
of the upper seven 1-inch layers, this would represent a shift downward in the 
profile to approach the mean magnesium figure of 22.63 per cent under blue¬ 
grass for the seven 1-inch layers ran^g from the depths 3 to 9 inches inclusive, 
or the mean figure 24.57 per cent for the depths from 4 to 10 inches inclusive. 
This would demand truncation by erosion to the extent of 3 to 4 inches in 7 years, 
or the surface 7 inches in 14 years. Coincidently, the erosion data for these 7 
years (13) showed that this plot was losing soil at the rate of more than 86 tons 
per acre per annum. This would mean the loss of the smf ace 7 inches in about 
12 years. Such a close agreement with the figure of 14 yeans, as calculated from 
differences in magnesium saturation, suggests that magnesium saturation was 
maintamed by truncation of the profile through erosion. 

In the fallow subsoil, the magnesium saturation was 29.75 per cent in 1937. 
If this subsoil corresponds to the section in the bluegrass profile from 7 to 13 
inches, then the mean magnesium saturation of these separate 1-ineh la^^ers 
would have been 28.69 per cent, or if the collection were made as a 7-mch sample 
it would have been 30.36 per cent. The fact that this subsoil was eroding at 
the rate of 7 inches in less than 17 years (13) indicates an approach toward a rel¬ 
atively constant degree of magnetium saturation with increasing depth in the 
profile below the thirteenth 1-inch layer, the limit of the study. 

That magnesium saturation is higher in the subsoil than in the surface soil 
in another glacial drift profile was demonstrated in some studies by Harris and 
Drew (11). Though erosion produced a soil with a clay content almost tYiice 
as great in their studies, the exchange capacity had become correspondingly 
larger. The exchangeable magnesium increased slightly more than the clay 
content, to show increasing magnesium saturation in going from the surface to 
the subsoil. Other soil properties, such as exchangeable calcium, exchangeable 
potassium, total nitrogen, and organic matter did not increase accordingly. 
In some of these there were decided decreases. The exchangeable hydrogen in¬ 
creased much more than the clay content, suggesting that the magnesium satura¬ 
tion was maintained in the presence of increasing hydrogen saturation and of 
decreasing saturation by some of the other cations. 

In the deep, virgin loess as it is more highly weathered under more intense 
climatic forces near Vicksburg, Mississippi,® than under the Missouri conditions 
concerned in this study, the exchangeable magnesium increases more than three¬ 
fold with depth in the solum. The calcium increases by only one eighth. At 

® Reported by H. B. Vanderford in private communication. 



454 


W. A. ALBHECHT, W. J. PETTYJOHN, AND E. O. MCLEAN 


a depth of 20 feet the exchangeable calcium is tenfold and the magnesium over 
sixfold that in the surface horizon. Here again, truncation of the profile to the 
extent of 12 inches would mean little change in the calcium saturation but more 
than doubling in concentration of exchangeable magnesium. 

SUMMA.BY 

The data presented in these studies, concerned with magnesium saturation 
of the soils under cropping with no erosion and in fallow soils with significant 
erotion, bring magnesium into the picture as a nutrient that is reduced signifi¬ 
cantly by cropping. They also surest that erosion may have been serving in 
the past to hide what may be an impending serious deficiency in soil fertility- 
They point out further tiiat the performances by bluegrass sod without soil 
treatment and by alfalfa and by rotation, both with lime and phosphate, ordinar¬ 
ily considered as soil-building effects, are decidedly depleting for magnesium, if 
decrea^ng d^ree of soil saturation of this nutrient may be taken as a criterion. 

As our efforts in sod-building, particularly by liming, phosphating, cover crop¬ 
ping, and erosion prevention, serve with benefit to the active calcium and humus 
contents of the soil, they may be a detriment to the available magnesium supply. 
A liberal vii^n store of megnesium in the more active form or a lat^ stock in the 
mineral reserve may have been saving us from trouble in the past with respect 
to shortages of this nutrient. On some of the more highly developed soils of 
which the silt and sand fractions are very low in minerals other than quartz, and 
where such soils are now bdng maintained against erotion by conservation 
practices, it may not be long before the d^ree of magnesium saturation will be 
too bw to guarantee good yields of crops. For some soils, as the Shelby silt 
loam used in this study, the practices in the past of using erosive systems of 
cropping, and of faUowii^ with its intensive erosion, may have prevented such 
troubles. Under intensive cropping with erosion prev^tion and the application 
of other fertilizer elements, however, the need for using magnesium as a soil 
treatment may soon become comparable to the present needs for calcium, potas¬ 
sium, and other fertilizer cations. The same fundamental principles tmderlying 
these in thdr plant and soil relationships will then help us to imderstand and 
manage the bdtavior of magnesium. 
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MICRODETEBMINATION OF IRON BY THE MERCUROUS NITRATE 

METHOD! 

ROBERT KUNIN* 

New Jersey AgricuUural Experiment Station 

Reedvod for publicaMon March 5,1943 

In a recent paper^, the author showed that the mercurous nitrate method for 
determining iron in the ferric state could also be used to determine small quanti¬ 
ties of this ion. The method, however, was not rigorously examined as a micro¬ 
method. It is the purpose of this paper to show that the mercurous nitrate 
titration can be used satisfactorily on a microscale. 

The method was tried out by titrating various quantities of ferric ammonium 
sulfate with 0.00467 N mercurous nitrate using 1 ml. of 40 per cent ammonium 

TABLE 1 


Recovery of iron by the m&rcuroue nitrate method 



FeXAEEK 

Fe SECOVXSED 

ERROR 

na. 

nigm. 

mgm. 

mgm. 

0 

0.569 

0.559 

0.010 

0 

1.116 

1.115 

0.001 

0 

1.116 

1.112 

0.004 

0 

1.116 

1.112 

0.004 

0 

1.116 

1.115 

0.001 

0 

1.674 

1.683 

0.009 

0 

2.232 

2.226 

0.006 

0.1 

1.116 

1.125 

0.009 

0.2 

1.116 

1.112 

0.004 

0.3 

1.116 

1.107 

0.009 

0.4 

1.116 

1.107 

0.009 

1.0 

1.116 

1.112 

0.004 

5.0 

1.116 

1.113 

0.003 


thiocyanate as an indicator. The titration was performed in a volume of 20 
ml., and the disappearance of the red color was used as the endpoint. In order 
to determine the effect of the chloride ion and of acidity, some of the titrations 
were performed in the presence of various amounts of hydrochloric acid. 

The data, shown in table 1, indicate that the microtitration can be used to 
determine as little as 0.5 mgm. iron with an error of less than 10 /igm. Though 
large concentrations of chloride ion interfere in the macrotitraiion, there is no 
interference of this ion on a microscale and hence hydrochloride acid xxiay be 
used to dissolve the sample. 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, Rutgers 
University, department of soils. 

* Now with the Tennessee Valley Authority, Wilson Dam, Alabama. 

* Kunin, R. 1942 Determination of iron in soils and silicates by the mercurous nitrate 
method. iSoii 53:211-214. 
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GENESIS OF A CLAYPAN SOIL: I 
C. C. NIKIFOROFF and M. DROSDOFF 
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Reoeivad for publication February 11,1943 

This paper has a dual purpose: first, it describes a method for interpieting 
data obtained by soil analyses and, second, it presents in the light of this method 
the results of investigation of a claypan soil, Dayton silt loam, with particular 
reference to the origin of the claypan. Thus, the first part of the paper deals 
with the theory of the method and the second with its application to the interpre¬ 
tation of soil analyses. 


THE METHOD OF INVESTIGATION 

The authors are aware that the material used for demonstrating the method is 
not entirely satisfactory and that the method is not perfect. They assume, 
however, that the principles upon which the method rests are sound and that the 
results thus obtained, even though they are not precise, give a better view of the 
changes of the parent material during its transformation into the soil. 

Interpretation of the results of soil analyses is diflBicult because in most in¬ 
stances we do not know the exact composition of the original material in each soil 
horizon and also because of the concurrence of various processes in the same 
horizon. The data obtained by soil analyses show the summary effect of all 
these processes without sufficient, if any, information about the specific result of 
each individual process. Indeed, the soil is the product of integration of all 
factors which affect its formation. An adequate explanation of its ori^, how¬ 
ever, cannot be based on the summaiy effect, but requires a careful study of all 
the additives that comprise the sum. This may be accomplished by an ap¬ 
propriate mathematical analysis of the data obtained in the laboratory. 

Usually these data present the composition of different soil horizons in per¬ 
centages of their constituents. In other words, they refer to a certain amount, 
as for example, a gram or 100 gm. of the whole material of the correspondiug 
horizon. A conclusion about the origin of the soil usually is based on differences 
in composition of the various horizons. A gram of material from one horizon, 
however, rarely represents the equivalent of a gram of material from another 
horizon. One might include more humus, combined water, carbonates, or other 
incorporated substances so that one gram of this material is equivalent to less 
than a gram of the original material. Or on the other hand, a gram of material 
from a stron^y leached horizon would be equivalent to more than a gram of 
original material. Thus, the data on compodtion of different soil horizons 
usually do not refer to a common basis and are not directly comparable. The 
differences in composition of various horizons which may be diown by these data 
are only apparent. Indeed, an adequate conclusion cannot be drawn by de- 

^ Bureau of Plant Industry, Agricultural Research Administration. 
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ductive reasoning alone, based on apparent differences, but requires an inductive 
study based on facts which mi ght be revealed by a critical analysis of the data 
obtained in the laboratory. 

The proposed noethod for such a mathematical analysis is still rather crude, 
especially because we lack definite knowledge of ceitain important aspects of 
soil formation and are compelled to infer whenever the necessary data are not 
available. It is hoped that eventually the field of inference will shrink to the 
vanishii^ point and the method wiU be improved. The outline of the method 
and its underlying principles follows. 

Migration and aegregoMon 

Assuming that the soil develops from a suffidently homogeneous parent ma¬ 
terial, one must also assume that the individual characteristics acquired by 
different horizons of such a soil are due to certain chains of the original ma¬ 
terial and that these changes in any given horizon are different from those which 
take place in the other horizons. 

Presumably these changes be^ with the decomposition of certmn minerals, 
which leads to changes in the petrographic composition of the original material. 
The further modifications of this material in the different horizons depend es¬ 
pecially upon the fate of the products of decomposition. Some changes are due 
to the recombination in place of the constituents of the original material without 
their being moved from one horizon to another, whereas other chaiiges depend 
entirely upon the translocation of various substances which mi^t have been set 
free to move by the decomposition. The processes of recombination in place will 
be referred to hereafter as aegreg<Mon, and the process accompanied by the 
transfer of any substance either from one horizon to another or out of the soil, as 
migration. 

Both migration and segregation are accompanied by changes in content of 
various constituents in certain parts of the soil. In the case of migration these 
“parts” refer to the different horizons, whereas in the case of segregation the 
parts usually represent either different mechanical fractions, such as silt, day, 
and colloid, or certain special formations, such as concretions and the matrix in 
which they are formed. 

The changes in chemical composition of the parent material which are caused 
by migration are mdicated by the difference in composition of the whole materidla 
from various horizons. On the other hand, segregation does not change the 
content of individual constituents in the whole material in which it takes place. 
A material thoroughly modified by recombination of its ingredients may have 
essentially the same general composition as the unmodified material. Thus, the 
effects of segregation cannot be shown by anal 3 rsis of the whole soil; they m^t be 
indicated, however, by the differences in amount and composition of the various 
meehanieal fractions in different soil horizons. 

The decrease in content of any constituent in a given part of the soil due to 
either migration or s^r^tion naturally is accompanied by a rdative increase in 
content of other constituents, and vice veraa, the increase in content of migrants 
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or segr^ants is accompanied by a decrease in content of stable constituents. 
Thus, the true or cAsolvte losses or gains which mi^t hare been caused by 
process must be distinguished from the accompanying relative or apparent loss^ 
and gains. 

Modification of the oripnal material in any soil horizon sddom is due entirely 
to either migration or segr^tion. Moreover, it is not always clear whether a 
particular loss or gain is absolute or only apparent. The failure to recognize the 
real character of the process and the true ri^iificance of the data frequently is the 
source of wholly untenable conclusions as to various aspects of the origin and 
character of the soil. 

During the last few decades consid^ble attention has been given to migra¬ 
tion, which was considered as the major factor in the development of the soil 
profile. Overrating the importance of migration has led to undue neglect of the 
role of recombinations in place, which most likely is greatly underestimated. 
The proposed method is nothing more than an attempt to find out the megms for a 
reasonable evaluation of the effects produced by dther process separately. 

This method consists of a certain integration of mechanical, TniT»ftT«.lAgical, and 
chemical soil analyses, the latter including analyses of the whole materials and of 
various mechanical fractions individually. Since the method deals with the data 
obtained by analyses of many different materials, such as the whole soil, silt, clay, 
and colloid, each of them from various soil horizons, it is necessary tiiat all data 
be referred to a common basis. 

In this paper 100 gm. of the unmodified parent material is taken as the point of 
reference and the batis of calculation. It is assumed that the entire soil profile 
has been devdoped from a relatively uniform material. Complete uniformity of 
the parent material would be an ideal condition, which does not edst in nature. 
Relative uniformity, therdiore, is the best eristii^ condition under which a com¬ 
parison of the mo(fified and unmodified materials is possible, provided, however, 
that changes due to the modification are sufficiently greater than the inherent 
variations in composition of the origmal material. Obviously, the derived data 
cannot be absolute; they might reveal the general character of modification but 
^ve only an approximate quantitative expression of it. 

Another prerequisite of the method is that some constituent of the original 
material be rdatively stable and migrate but little, althou^ it may undergo 
various changes in mode of combination. Again, it would be ideal if it were 
possible to prove that some constituent occurring in sufficient quantity is ab¬ 
solutely immobile. It is difficult to conceive, however, that any constituent 
would be so stable in a medium which is attacked continuously by weathering. 
Again we are compdled, therefore, to base the calculation on a relative stability 
of some constitu^t which is least likely to be moved, as s u ming that the changes 
in content of this constituent are so small in comparison with the changes in 
content of other less stable substances that they can be n^ected without cauting 
too grave an error. 

The method consists of the followii^ calculations: Ihrst, the data obtained by 
analyses are expressed in exact percentages of the material free of any incor- 
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porated substances, such as humus, combined water, or free carbonates; second, 
the data obtained by the first calculation are recalculated upon a parent material 
quotient (Q); third, the data obtained by the second calculation are recalculated 
upon a volume factor (»); fourth, the ^ta obtained by chemical analysis and 
corrected by the first calculation are recalculated upon a basis obtained by 
mechanical analysis previously recalculated upon the parent material quotient. 
The purpose and method of the first operation need no explanation. The prin¬ 
ciples of other calculations are described as follows. 

Parent material quotient 

As used in this paper the •parent material quotient (Q) represents one-hundredth 
of the gram-equivalent of the soil. The gram-eguwalenl is the amount of a modi¬ 
fied material in any soil horizon that represents a residue or modification of a 
definite amount, such as 100 gm. of the ori^nal material. For example, suppose 
that 100 gm. of the ori^nal material in the A horizon is reduced by leaching to 
86 gm. of residue, whereas an equal amount of the same material in the B recmed 
2 gm. of material by illuviation. The gram-equivalents in the A, B, and C 
horizons of such a soil are 86,102, and 100 gm. and their parent material quotients 
are 0.86,1.02 and 1.00, respectively. Obviously, 100 gm. of the whole material 
in the A represents the residue of about 116.3 gm. of the original material, whereas 
100 gm. of material in the B is the product of modification of about 98 gm. of such 
a material. 

The value of the gram-equivalmt can be obtmned by calculating the results of 
chmical analysis by using a constant factor (K) represented by any constituent 
of the origmal material that is sufficiently stable in the environment in which this 
material undergoes modification. For example, suppose that tilica is relatively 
stable and does not move from one horizon into another. If the parent material 
is sufificiently uniform, then 100 gm. of it in each horizon contains about an equal 
amount of silica, and, since the silica does not migrate, the same amount of it 
must remain in the equivalent amount of the modified material. Thus, the con¬ 
tent of the stable constituent in 100 gm. of the ori^nal material might be taken as 
the constant factor. The amount of the whole soil in any horizon which con¬ 
tains as much stable constituent as does 100 gm. of the parent material represents 
the gram-equivalmit of this horizon. 

The parent material quotient (Q) is obtained by dividing the percentage of the 
constant constituent in the ori^nal material by the percentage of the same sub¬ 
stance in the modified material. For example, suppose that the content of silica 
in the A and C horizons is 76.16 and 65.44 per cent, respectively. Then Q for the 
A horizon is 0.8592 and the gram-equivalent is 85.92. (The data ^ven indicate 
that in the A horizon 76.16 gm. of silica is associated with 23.84 gm. of other sub¬ 
stances. Therefore 65.44 gm. of silica representing the constant factor is tied 
with 20.48 gm. of other material and the sum total of these amounts, i.e., 65.44 
-|- 20.48 makes up the gram-equivalent.) 

The difference between the gram-equivalent and 100 represents the difference 
between the sum total of the true losses and the sum total of the true ^dns which 
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are due to the migratioii of various constituents. Hie data in our example indi¬ 
cate that the combined loss in the A exceeds the combined gains, if any, by 14.08 
gm. per 100 gm. of the original material. 

The true loss or gain of any particular constituent (subject to the limitations 
mentioned) can be obtained by recalculating the percentage of tbig substance 
upon the parent material quotient and subtracting the result from its percentage 
in the original material. For example, if the content of alumina in the A and C 
horizons of the soil in the previous example is 13.16 and 18.06 gm., respectivdy, 
then the true loss of it from the A is 18.06-13.16 XQ or 6.74 gm. per 100 gm. of the 
parent material. The general formula employed in this calculation is as follows: 


X — So — 


Sh'Ro 

'rT 


(f) 


in which 


X is the true loss or gain of a pven substance, 

So is the i>ercentage of this substance in the original material, 

Sh is the percentage of the same substance in a gven soil horizon, 

JRo is the percentage of the constant substance in the original material, 
Rh is the percentage of this constant substance in a ^ven horizon. 



Obviously, the various constituents of the residual mat e r ia l as weU as tiirir 
losses or gains calculated on the psirent material quotient are no longer expressed 
in percentages of the whole soil but are given in grams per 100 gm. of the origiiuil 
parent material. 

The constant factor (K) might be represented by a certain immobile constitu¬ 
ent such as silica or alumina, or it mi^t be represented by a certain mechanical 
fraction such as sand. Again, it may be represented by a certmn mineral such 
as primaiy quartz or muscovite. The value of the gram-equivalent should be 
checked against all available data. 

Volume factor 

The true losses or gains of various constituents refer to a definite amount, such 
as 100 gm. of the orignal material, and do not represent the total losses or gains 
of these substances from the entire soil horizons. On this basis, the true loss of 
any ^ven substance in one soil horizon cannot be compared with the gain of the 
same material in another horizmr. Balancing is posable oi% between the total 
loss and total gain which mi^t be obtained by calculatii^ the true losses and 
jwiiriR upon the volume factor (v) that represents the index df the thickness of the 
corresponding soil horizon. 

For example, consider a soil in which the As and B horizons are 8 and 12 inches 
thick, re^ectivdy. Suppose that the true loss of iron oride in tire As is 3.39 
gm. per 100 gm. of the parent material, whereas the true of this oxide in the 

B is 1.75 gm. for the same amount of parent material. Conader a cdumn of this 
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soil of sudbi a thickness that it contains 100 gm. of parent material per vertical 
inch. If such a column extends throu^out the As and B horizons, then the total 
loss of iron oxide in the As and the total gain in the B are 27.12 and 21.00 gm., 
respectively, per column of a ^ven cross section. (Such a column will be referred 
to hererfter as column Z. The ssnnbols Za, Zon, Zb, etc. will refer to the parts of 
column Z extending throu^out the A, As, B, etc. horizons, respectivdy). These 
data drow that not all the iron oxide which was shifted from the As is retained in 
the B horizon. 

Indeed, the forcing example is much simplified. It must be home in mind 
that the thickness of the soil horizons is measured on modified materials and that 
a vertical inch of column Z composed of the original material does not necessarily 
correspond to 1 inch of the columns Za, Zon and Z5. A column Z of the fresh 
parent material has a uniform cross section and density from the top to the 
bottom. This, however, is no longer trae after the devdopment of the soil 
horizons. The colunm may ahrinlr or its density may decrease in the leached 
horizon, whereas it may expand or become more compact in the illuvial horizon. 
Thus, the precise value of v does not depend exclusivdy upon the thickness of the 
soil horizon but is affected by several other conditions such as porosity of the 
various horizons and specific gravity of its solid matter. No attempt is made at 
this point to estimate exactly the so-called total losses and gains. The purpose of 
calculation upon the volume factor as made in this paper is simply to ^ve some 
idea of the approximate magnitude and the general trend of migration and to 
show the general character of distribution of the migrant substances. For pres¬ 
ent purposes we will assume that index v might be represented by the thickness of 
the correspondii^ horizon corrected according to the parent material quotient.* 
A precise determination of the total losses and gmns is made difficult also by the 
lack of clear-cut boundaries between the adjacent horizons. The transitional 
sections of the soil profile in which the characteristics of the upper and lower 
horizons are blended may suffer a loss in one part and incur a gain of the same 
substance in another. Obviously, th^e losses and gains mask each other, and 
only the difference between them might be depicted. Therefore, the “total” 
losses and gains calculated for the entire soil profile might be somewhat less than 
they really are. 


Calculaiing Oie resvJis of segregation 

Detennining the results of segr^tion requires first calculatii^ the mechanical 
analj'ses upon the parent material quotient. For example, suppose that the 
content of sand, silt, and clay in the B horizon is 2.6, 48.7, and 48.7 per cent, 
respectively, and that Q for this horizon is 1.0164. The content of sand, silt, and 

* The differences in specific giarity of the whole materials in various soil horizons depend 
serially upon the differences in content of organic matter and combined water. Since our 
calculations deal only with water-free mineral matter, the significance of this factor may be 
reduced by correction of the index v according to the loss of ignition. Further corrections of 
the index must be made according to the parent material quotient and the change of 
porosity. 
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clay in the gram-equivalent will be 2.64,49.45, and 49.45 gm., re^ectively. If 
100 gm. of the parent material consisted of 2.2 gm. of sand, 74.8 gm. of silt, and 
23.0 gm. of clay, then modification of this material in the B horizon was accom¬ 
panied by the loss of 25.35 gm. of silt and the gain of 26.45 gm. of day and 0.44 
gm. of sand (most likdy in the form of concretions). The excess of g«MTia over 
loss, equal to 1.54 gm., is most fikely due to illuviation. 

Hie next step consists of calculating the chemical analyses of various fractions 
upon the results obtained by the first operation. For example, suppose that the 
content of silt in 100 gm. of the parent material and in its gram-equiv^ent in the 
B horizon is 74.8 and 49.45 gm., respectively. Suppose that the content of silica 
in the silt from the parent material and from its modification m the B is 68.09 
and 73.49 per cent, respeetivdy. These data indicate that the silt in 100 gm. of 
the parent material contained 50.93 gm. of silica, whereas the residual silt in the 
product of modification of the same amount of this material in the B retained 
only 36.34 gm. of silica. Thus, modification of the par^t material in the B 
was accompamed by the loss from the silt of 14.59 gm. of silica, which maJres up 
about 28.6 per cent of SiOa that was present in the silt of the oiigmal material. 

Now, suppose that the content of the clay in 100 gm. of the parent material and 
in its gram-equivalent in the B is 23.0 and 49.45 gm., respeetivdy and that the 
content of silica in the day from the C and B horizons is 56.45 and 65.96 per cent, 
respeetivdy. The content of silica in the days from 100 gm. of the parent ma¬ 
terial and its gram-equivalent in the B is 12.98 and 27.67 gm., respeetivdy, which 
indicates a gain of silica in the day in the B horizon equal to 14.69 gm. per 100 
gm. of the parent material. 

Assuming that the difference between the loss of silica from the silt (14.59 gm.) 
and the gain in the day (14.69 gm.) is due to analytical error^, one may condude 
that modification of the parent material in the B horizon of this soil was accom¬ 
panied by the transfer of about 14.64 gm. of silica from silt to clay. This 
amount makes up about 22 per cent of the total Eolica in the whole parent ma¬ 
terial. This is an example of modification of the original material by the recom¬ 
bination of its constituents in place. Indeed, it is not inferred that all this 
sdica was set free by a complete chemical breakdown of the silt minerals and 
recombined in the secondary day minerals. It is quite possible that a part of 
the transfer was due to the physical breakdown of the silt partides into frag¬ 
ments less than 2 /< in diameter. 

This calculation is based on the same assumptions used in calculating the true 
losses and gams and, therefore, is subject to the same limitations. Since it 
involves the data on composition of different fractions of the soil, however, it 
offers an opportunity to check on the validity of the underlying assumptions. 
For example, in calculating tire data used ti^u^out this discussion, it was 

) This difference may be considerably greater than that in our mcample. This is to be 
expected, when one coneidets that the derived data are obtained by calculating the results 
of d^t Cerent analyses, including separation of the silt from the B and C materials, 
separation of the day from these materials, and chemical analyses of the silts and clays thus 
obtained. 
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assumed that the soil waa devdoped from a rdatively uniform parent material 
and that silica was relatively stable throughout the soil profile. Based on these 
assumptions, the parent material quotients were determined and the loss of 
silica from the silt in the B horizon was calculated. On the assumption that 
this loss is due to the transfer of silica from the silt to the clay, it can be calcu¬ 
lated that the content of silica in the clay of the B horizon should be 55.75 per 
cent. The chemical analysis shows 55.96 per cent. Such a correlation hardly 
could be expected if any of the assumptions were wrong. 

The general formula employed for calculating the true losses and gains of any 
constituent of any mechanical fraction in a ^ven soil horizon is as follows; 


X = 


So‘Fo - Sh‘Fh-Q 
100 


gm. 


(«) 


in which 

X is the amount of substance S lost or gained in fraction f in a (^ven soil horizon h 
(in grams per 100 gm. of the originai material), 

So is the percentage of this substance in fraction F of the parent material, 

Sh is the percentage of the same substance in the same fraction of a given horizon, 
Fo is the percentage of fraction F in the parent material, 

Fh is the percentage of the same fraction in a given horizon, 

Q is the parent material quotient. 

If the results of this calculation show that the loss of a ffvea constituent from 
one fraction is more or less equal to the gun of the same substance in all other 
fractions, th^ it mi^t be concluded that virtually all the material rdeased 
from one fraction is incorporated in the others. If the loss is considerably 
greater than the pin, then the excess of the rdeased substance most likdy has 
been leached out from the horizon. On the other hand, if the loss is considerably 
less tlum the gain, then the excess must have come from outside this horizon. 
The differences, however, must be considerable. Smaller difference mi^t be 
due to the inevitable defects of analyses and calculations. 

The application of the method to Dayton silt loam involve the assumptions 
of a sufficiently uniform parent material and relative stability of silica. It is 
believed that any deviations from these assumptions are insignificant as com¬ 
pared to the change in composdtion of the original material whiiffi are due to the 
devdopment of the soiL Althoigh it is realized that the data derived by thee 
calculations do not give an ^act quantitative expression of the soU-formiiig 
processe, it is fdt that th^ do pve an approximate evaluation of the different 
phase of the processe. 


MOBFHOLOGT, MECHANICAIi AND CBFMICAI, COMFOSmON OF DA'ZTON Suin' IiOAU 

Morphology 

Dayton tilt loam belongs to a group of intrazonal soils which devdop in shallow 
depotetions, on low terrace, and in other poorly drained areas scattered thmugh- 
out the podzol and chernozem zone. The outstanding characteristie of these 
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Fig. 1A. A Profile} of Solooi in Voronezh Province, U.S.S.ll. (after Popov) 
Fig. IB, A Profile op Dayton Silt Loam in Willamette River Valley, Orego 
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soils are a strong bleaching of the A 2 horizon and the development of a dense 
claypan which represents the B horizon. 



Fig. 2. A View op the Willamette Vallbt, Oregon, Showing a Flat Are\ 
Occupied by the Dayton Soils 



Fig. 3. Native Vegetation on Dayton Silt Loam 
The site of profile 808. The area has been pastured for many years but never plowed 


This general type of soil develops from different parent materials, innlnriing 
recent alluvium, calcareous loess, glacial drifts, and various residual materials, 
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and is formed under a wide range of rainfall, from less than 15 to more than 40 
inches. Such a variety of parent materials and climate suggests that some 
local condition, such as the impeded drainage of the areas in which the3" occur, 
is the major factor in the development of soils of this type. 

Originally, these soils were described by Glinka (8) and his co-workers as 
meadow podzols, glei-podzolic soils, and steppe-podzols. Later, Popov (12), 
Gedroiz (6, 7), and othem introduced the popular name solodi as a substitute for 
steppe-podzols and developed a hj^pothesis for their genesis. Gedroiz (6) holds 
that solodization differs from podzolization in that the former process is accom¬ 
panied by an accumulation of colloidal silica in the A2, whereas no such accumu¬ 
lation takes place in ti*ue podzols. 

Morphological characteristics of Daj^ton silt loam are essentially the same as 
those of typical solodi. In figure 1 are shown a profile of solodi in Voronezh 
Province in the U.vS.S.R. and a profile of Dayton silt loam in Oregon. The 
purpose of this investigation was to elucidate the genesis of the Da3'ton soil, 
especially the formation of the cla3"pan. 

Accumulation of clay in the B horizon characterizes a great man3" different 
soils. Not all B horizons that are enriched in cla}’^ are regarded as true claypans. 
The difference between the true claypan and the cla3’'e3" B horizon, however, 
might be only quantitative, depending on the difference in intensit3" of the forma¬ 
tion of clay in various soils. 

Usually the accumulation of cla3^ in the B horizon is ascribed to the illuviation 
of the clay or colloid from the upper horizons. Brown et dl. (3) conclude that 
their data obtained b3’' analyses of certain cla3'’pan soils demonstrate the enrich¬ 
ment of the lower strata b3’’ illuviation, that the translocation which occurred 
is essentially of colloid onh^ and that the colloid as a whole is translocated from 
the surface downward by dispei-sion and eluviation. This interpretation of the 
formation of the heavy B horizon is not new. Earlier Hissink (9) asserted that 
xmder certain conditions the suspended particles of cla}" including the sols of 
iron oxide, silica, and alumina ai‘e carried downward b3" percolating water 
together with various dissolved substances. According to Glinka (8), pod¬ 
zolization is due to the eluriation of the unstable oi'ganic sols and fine mineral 
suspension from the upper horizons and their precipitation in the B horizon. 

The Dayton soils, of which the silt loam is the most common, develop on broad 
and level teivaces of the Willamette River Valley in western Oregon (fig. 2). 
Before the breaking of the virgin sod, most if not all of this land vras occupied 
by open sedge meadows with scattered small clumps of oak and alder and small 
shrubs of willow and wild roses (fig. 3). The climate of this region is charac¬ 
terized by a decided winter concentration of precipitation. The mean annual 
rainfall is about 40 inches, of which more than 70 per cent, or about 30 inches, 
falls during the winter and only about 9 per cent, or about 4 inches, during the 
summer. 

Because of the lack of adequate surface drainage and of the water-tight sub¬ 
soil, the Dayton soils become saturated soon after the bepnning of the rainy 
season, usually in the latter part of October, and remain in this condition until 
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late in the spring. Water covers large tracts of slightly depressed land and 
stands on the surface for weeks, even months. The dry and rather hot spells 
during the summer, however, are sufficiently long for a thorough desiccation of 
the soil. 

The parent material of the Dayton soils is the relatively recent, well-assorted, 
silty alluvium, entirely free of gravel and almost free of coarse sand. The upper 
layer of this material, which ranges in thickness from about 4 to more than 10 
feet, presumably was uniform in mechanical and chemical composition before 
the development of the soil profile. The results of analyses of three samples 
of this material taken in different places are presented in table 1. 

Below the upper layer the material gradually becomes somewhat coarser as 
a result of an increase of silt and fine sand. In some places, however, the upper 
silty alluvium ends abruptly and rests on a bed of either out-washed sand or 

TABLE 1 


Mechanical and chemical composition of the parent material of Dayton silt loam 



PROFILE A 

PROFILE B 

PROFILE C 

AVERAGE OF 
THREE PROFILES 


per cent 

percent 

per cent 

per cent 


2.1 

3.1 


2.4 


74.8 


74.6 

73.2 


23.0 

26.3 

23.6 

24.3 

Si02.' 

62.70 

63.40 

62.40 

62.83 

A1203. 

17.30 

16.00 

16.50 

16.60 

FeaOj. 

7.00 

7.30 

7.90 

7.40 

CaO. 

2.09 

2.17 

2.27 

2.18 

MgO. 

2.04 

1.96 

1.89 

1.96 

KoO. 

1.84 

1.48 

1.70 

1.67 

NaaO. 

1.25 

1.31 

1.32 

1.29 

MgO. 

0.13 

0.17 

0.15 

0.15 

TiOs. 

1.21 

1.16 

1.22 

1.20 

PsOj. 

0.25 

0.39 

0.38 

0.34 

Ignition loss. 

4.35 

4.04 

4.27 

4.22 


stratified gravel. So far as we know, the boimdaiy between the silty layer and 
gravel seldom is less than 10 feet below the surface. 

Twenty-eight profiles of Dayton silt loam and a number of profiles of the soils 
related to it were examined in Benton, Polk, Linn, and Yamhill Coimties, 
Oregon. According to our data, the profile of Dayton silt loam is as follows: 

The A horizon averages 17 inches and ranges from 8 to 33 inches in thickness. The 
extremes, however, are rather rare; commonly the thickness of the A ranges between 14 and 
20 inches. This horizon is characterized by a very light gray color, which is due to the white 
“podzolic flour’^ that thoroughly pervades the entire horizon but is especially abundant in 
its middle and lower parts, thus marking the strongly bleached A2 subhorizon. In the moist 
condition the material of the A is mellow- to moderately plastic; on drying, however, it cakes 
into a massive and rather hard crust. The lower boundary of the A usually is very sharp 
and smooth (fig. 4). Numerous burrow-s of earthworms, partly filled with casts and partly 
empty, penetrate the whole horizon, and some of them extend into the B. 
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f The B horizon averages 14 inches and ranges from 8 to 23 inches in thickness. In only a 
few places, however, is it less than 12 or more than 20 inches thick. It is very dark olive- 
gray or almost black and is compact. On drying it breaks into large and roughly prismatic 
clods (figs. 4 and 5) which range from 2 to about 4 inches in diameter and extend from the 
top to the bottom of this horizon. The clods are very hard; their tops are roughly rounded 
(fig. 6).^The wide and nearly vertical cracks which separate the clods extend throughout 
the B and the largest of them continue to some depth into the C. Most of the cracks, how¬ 
ever, end near the base of the B; consequently the adjacent prisms are not separated from 
each other in the lower part of the horizon. The walls of the cracks usually are coated with 



Fig. 4, Pbofilb of Dayton Silt Loam (No. 


dark p^ir'ing films, which are especially prominent in the cracks extending into the C 

horizon. After sufScient wetting, the prisms swell, and the cracks close. The entire hori¬ 
zon becomes almost watertight. In this condition the material of the B is exceemngly 
sticky. The lower boundary of the B is incBstinct and more or less wavy. 

The C horizon has a li^t olive-gray color with a pronounced yellow tint which becomes 
stronger with depth. Usually the upper part of the C extending to about TO or 60 inches 
from the surface is mottled with rusty stains and minute dark brown and black specks. 

A large number of black or brown iron-mai^uaese concretions are formed 
throughout the solum of aU Dayton soils. The concretions are especiahy num- 
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Fig 5 Coj\.rse Prismatic Stricture in the B Horizon of Dayton Silt Lo\.m 



Fig 6 Roughly Rounded Top op the Prisms in the B Horizon op D 4lTton 

Silt Loam 

Matenal of the A 2 was blown away by an air pump 


erous and large m the A 2 hoiizon These concietions aie described in detail 
dsewhere (5) 

It will be noted that the lower limit of the thickness of the A and B horizons 
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is placed at about 8 inches. This limit is arbitral}’’. As a matter of fact, there 
is a continuous series of soils ranging from the one in which the As is more than 
2 feet thick and the claypan is virtually absent to another having a claypan more 
than 3 feet thick and only an incipient, if any, A 2 . It was noticed, however, 
that the A 2 and B horizons acquire all them specific characteristics only when 
they are not less than about 8 inches thick. If the A horizon is thinner than 
this, its color, podzolic flour, and concretions are less conspicuous; its texture is 
heavier; and its lower boundar}" is less distinct. If the B horizon is thinner, it 
usually is lighter in color, is somewhat coarser in texture, and on drying breaks 
into small irregular lumps instead of prisms. 

The soils with a strongly developed claypan and an incipient A 2 and especially 
those without the claypan and with a strongly developed A 2 are less co mm on 
than the soils in which both horizons are fuUy developed. Nevertheless, their 
existence suggests that formation of the claypan in all these soils is not merely 
a consequence of eluviation of the A 2 and an accumulation of the migrant colloids 
in the B: it might take place independently of the development of the leached 
horizon above it. 

Samples of Dayton silt loam were collected for analyses in three different 
places. Alter a preliminar}” study of these samples one profile (No. 808) was 
selected for detailed study. It was taken in a poorly drained, continuously 
pastured sedge meadow, presumably never plowed, in Linn County, Oregon; 
T. 14S; R. 4W; SWJ of SE| of Section 12 at an elevation of about 240 feet above 
sea level. A brief description of this particular soil profile follows: 

Ai 2-inch thick, light gray silt loam. 

A 2 8-inch thick, very light gray silt loam with numerous concretions. 

As-B 4-inch thick, dark gray crumbly silty clay; transitional between the A> and B. 

B 12-inch thick, very dark gray, almost black clay broken into coarse prismatic 
clods. 

B-C 8-inch thick, olive-gray silty clay to silty clay loam slightly mottled with yellow 
stains; transitional between B and C. 

C light yellowish gray silt loam; uniform as far as examined (to a depth of about 9 
feet). 

The methods of determining the various constituents and properties of the 
soil samples were essentially those in general use by the Division of Soil Chemis- 
try and Physics, U. S. Department of Agriculture. Mechanical analyses were 
made by the pipette method of Olmstead et ah (11) except for the added changes 
mentioned by Kni g ht (10). The chemical composition of the whole soil and of 
the silt, whole clay, and colloids separately was determined according to the 
procedure outlined by Robinson (13). The hydrogen electrode described by 
Bailey (1) was used in determining the pH. The colloids were extracted ac¬ 
cording to the procedure of Brown and Byers (2). No dispersion agent was 
used. The iron-manganese concretions were studied and analyzed separately, 
and the results have been reported elsewhere (5). The base-exchange capacity 
and the exchangeable bases were determined at pH 7.0, normal ammonium 
acetate being used as the replacing agent. Free iron oxide vras determined by 
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a modification of the method of Drosdoff and Truog (4). Gtedroiz’ method of 
extinction with KOH was used to determine the so-called amorphous silica. 

Only a part of the data obtained are presented in this paper. All data in¬ 
cluded here are calculated in exact percentages of the material fine of organic 
matter and combined water. 

Mechamcal composition 

Table 2 presents the mechanical composition of the piincipal horizons of 
Dayton silt loam. The percentage of sand shown in this table was determined 
by difference, i.e., 100 minus the percentages of silt and clay. This sand includes 
all particles ranging from 0.05 to 2.0 mm. in diameter. A small quantity of 
particles larger than 2 mm. has been separated from the soil in the preparation 
of the sample for analysis and disregarded in the calculation. Examination 
of the sand imder a microscope showed that a large part of it consists of concre¬ 
tions. It has been found (5) that almost all particles larger than 1 mm., about 

TABLE 2 


Mechanical composition of Dayton sUt loam 
Calculated on basis of soil free of organic matter 


LABOSATOKY 

NUMBER 

HORIZON 

DEPTH 

1 

SAND 

SILT 

CLAY 



inches 

per cent 

percent 

per cent 

C-4226 

A. 

0-2 

3.9 

82.7 

13.4 

C-4228 

As 

6-10 

3.8 

79.5 

16.7 

C-4229 

Ao-B 

10-14 

4.7 

70.5 

24.8 

C-4231 

B 

18-22 

2.6 

48.7 

48.7 

C-4233 

B-C 

26-30 

1.5 

59.4 

39.1 

C-4236 

C 

42^0 

2.2 

74.8 

23.0 


70 per cent of particles ranging from 1 to 0.5 mm., about 50 per cent of those 
ranging between 0.5 and 0.25 mm., and about 30 per cent of those smaller than 
0.25 mm. are concretions or their fragments. The concretions are formed by 
the cementation of the soil into hard secondary abrogates. Such a cementation 
binds a certain amount of primary sand, silt, and clay into larger, complex 
grains. Concretions are especially numerous in the A* horizon, in which they 
may comprise more than 10 per cent by wei^t of the whole material with as 
much as about two thirds of their bulk composed of concretions larger than 2 
mm. A considerable part of these large concretions was separated from the 
sample taken for analysis. The less firm concretions undoubtedly were crushed 
during the preparation of the soil for analyas. Nevertheless, the quantity of 
concretions or their fragments in the A 2 horizon may account for about half of 
the material that is classed as sand. Perhaps a hi^er content of sand in all 
parts of the A horizon as compared with that in the B and C is due to the pres¬ 
ence of concretions. It is not unlikely that if all the concretionary material 
were excluded from the sand, the content of sand would be more or less uniform 
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throi^hout the profile and would amount to about 2 per cent of the whole 
material. 

Silt and clay combined make up from 95.3 to 98.5 per cent of the whole soil 
in diffa:ent horizons, the smaller amount bdng in different parts of the A in 
which some amount of silt and clay is tied up in the concretions. Thus, one 
may assume that the quantity of silt and day is virtually the same throu^out 
the soil profile. The silt to cky ratio in different horizons, however, ranges from 
about 5 to 1 in the As to 1 to 1 in the B. The parent material contdns about 
three times as much silt as day; in the As tire content of dlt rises to about five 
times that of day, whereas in the B there is just as much day as silt. 

At first glance, the distribution of dlt and day in the various horizons of this 
soil may surest the migration of a large amount of day from the A horizon into 
the B. It will be remembered, however, that the chaises in content of different 
fractions in various horizons are only apparent. It will be shown in table 5 
that the residue of 100 gm. of the parent material, i.e., its gram-equivalent in 
different horizons, ranges from 85.92 to 101.54 gm. Assuming 100 gm. of the 
original material which consists of 2.2 gm. of sand, 74.8 gm. of silt, and 23.0 
gm. of clay as a common basis* and having determined the amounts of sand, silt, 
and day in each equivalent, we may calculate the true losses and gains of each 
fraction in various horizons. For example, the reddue of 100 gm. of the original 
material in the As amounts to 87.7 gm. This reddue contains 16.7 pa cent d 
clay. Thus, the amount of day in 87.7 gm. of this reddue is 14.65 gm. This 
reddue is the product of modification d 100 gm. of the parent material which 
contained 23 gm. of clay. The true relative loss of day in the As is, thmrdbre, 
23.00 — 14.65 or 8.35 gm. The As is 8 inches thick and its volume factor is 
about 9. Thus, the total loss of clay from the As m about 75 gm. per colmnn 
Zot. The results of these calculations are ^en in tables 3 and 4. The derived 
data in these tables show an absolute increase in content of sand in the As and B 
horizons, which most likdy is due to the formation of hard concretibns. Indeed, 
this increase represents (mly a part of the concretions that were not crushed in 
the preparation of the soil for analyds or separated from the soil sample. 

The data in table 4 show that the Ai, As, and A-B horizons together have lost 
about 106 gm. of day and about 108 gm. of dlt. Assuming that the loss d dlt 
was due to its decompodtion and that about 20 gm. of silt and day (induded in 
general losses) were cemented in concretionB in place, one may calculate that the 
sum total of loss from the A amounts to about 192 gm. per column Za, which 
originally weired 1,590 gm. 

The total gain of day in the B and B-C horizons, however, amounts to about 
445 gm. (towhidishouklbeaddedabout50gm.ofdayg8inedinthelayeruDider- 

* The material having sttoh a comporition is represented by the aan^de that was takait at 
adepthof 42 to 60 inches from the Boiface of the soil. On tibebasiEofdatadvsnintafalal 
it is assumed that this sample represmits the immodfied parent material. Another s>nq>te 
<rf tlift nftTinft iKMl tftlfMi from a depth of 34 to 42 inches and dnffljgrtated in the field mG eooteins 
30.2 per cent of clay and 0S.0 per cent of dlt. ^^ns, mechanical analyds shows tiiat tins 
sample represento the lowermost part cd the trandidonsl B-C horison. 
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neath the B-C). This indicates that a combined loss of silt and clay from the 
A horizon makes up less than 40 per cent of the gain of clay in the B and that the 
other 60 per cent of the accumulated clay was formed in place. The data in 
table 4 show the loss in the B horizon of about 416 gm. of silt which apparently 
was decomposed, the products of decomposition being intermingled with the 
original clay and the clay products transferred from the A horizon. This mixture 

TABLE 3 


Relaiive losses or gains of the sand, silt, and clay in different horizons of Dayton silt loam 
Calculated on basis of soil equivalents 


HOBIZON 

SOUL 

EQTUV- 

ALESl 

1 CONTENT IN EQUIVALENT 

LOSS OE GAIN 

SUIC 

TOTAL OF 
LOSSES 

SUM 

TOTAL 

OF GAINS 

DIFFES- 

ENCE 

SSLQd 

snt 

1 Clay 

Sand 

Silt 

Clay 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

Ai 

85.92 

3.35 

71.06 

11.51 

+1.15 

-3.74 

-11.49 

-15.23 

+1.15 

-14.08 

Aa 

87.70 

3.33 

69.72 

14.65 

+1.13 

-5.08 

-8.35 

-13.43 

+1.13 

-12.30 

Aa-B 

89.34 

4.20 

62.98 

22.16 


-11.82 


-12.66 


-10.66 

B 

101.54 

2.64 

49.45 

49.45 

+0.44 

-25.35 

+26.45 1 

-25.35 

+26.89 

+1.54 

B-C 

101.27 

1.52 

60.15 


1 

P 

a> 

00 

-14.65 


-15.33 


+1.27 

C 












TABLE 4 

Total losses and gains of the sand, silt, and clay in different horizons of Dayton silt loam 


HOBIZON 

VOLUME 

TACTOB* 

LOSS OB GAIN OF SAND 

LOSS OB GAIN OF SILT 

LOSS OB GAIN OF CLAY 

NET LOSS 
OB GAIN 

COLU^Z 

Per 100 
Sin.of 
parent 

Per 

column Z 

Per 100 
gm.of 
parent 
material 

Per 

column Z 

Per 100 
gm.of 
parent 
material 

Per 

pnliimn Z 



gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

Ai. 

2.3 

+1.15 

+2.64 

mm 

-8.60 

-11.49 

-26.43 


A,...* 

9.1 

+1.13 

+10.28 


-46.23 

-8.35 

-75.98 


Aa-B. 

4.5 

+2.00 

+9.00 

-11.82 

-53.19 

-0.84 

-3.78 


Total per col¬ 









umn Za . 

15.9 


+21.92 


-108.02 


-106.19 

-192.29 

B. 

11.8 

+0.44 

+5.19 

-25.35 

-299.13 

+26.45 

+312.11 


B-C. 

8.0 

-0.68 

-5.44 

-14.65 

-117.20 

+16.60 

+132.80 


Total per col¬ 









umn Zb . 

19.8 


-0.25 


-416.33 


+444.91 

+28.33 



1 





* The present thickness of the horizon corrected according to the parent material 
quotient. 


of various clay materials was leached to the amount of about 160 gm. per column 
Zb. The evidence of this process will be brou^t out in the following pages. 

Chemical composition 

Table 5 ^ves the data on chemical composition of the whole soil in the princi¬ 
pal horizons of Dayton silt loam. As has been pointed out, data like those in 
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table 5 show only apparent changes in composition of the original material in 
different horizons, and the true losses and gains of various constituents in these 
horizons can be shown only by recalculating these data on a certain constant 
factor. 

There are several reasons to believe that silica in the Dayton soil is the least 
likely to be moved from one horizon into another, although it may undergo 
certain changes in mode of combination. It is true that there is no absolute 
proof of its stability and that the evidence of its immobility is rather circum¬ 
stantial. The distinctly acid reaction throughout the A horizon (pH 4.8) 
prevents dissolution of silica and stimulates the migration of the sesquioxides. 
Thus, the relative increase of silica in the A horizon in respect to its content in 
the C most likely is due to the leaching of sesquioxides and other constituents 
such as lime and magnesia. 


TABLE 5 

Chemical composition of the whole soil material in differemi horizons of Dayton silt loam 
Calculated on basis of soil free of organic matter and combined water 



Ai 

A* 

A«-B 

B 

B-C 

C 


percent 

percent 

percent 

percent 

percent 

percent 

SiO*. 

76.16 

74.63 

73.24 

64.44 

64.62 

65.44 

Al,0,. 

13.16 

13.93 

14.90 

19.32 

18.25 

18.06 

FeiOs. 

3.81 

4.47 

5.00 

8.92 

8.59 

7.31 

CaO. 

0.98 

0,98 

0.93 

1.48 

2.10 

2.18 

MgO. 

0.84 

0.91 

1.08 

1.97 

2.14 

2.13 

KaO. 

2.22 

2.27 

2.08 

1,43 

1.53 

1.92 

NatO. 

1.26 

1.33 

1.28 

0.90 

1.16 

1.30 

MnO. 

0.08 

0.06 

0.08 

0.16 

0.13 

0.14 

TiOa. 

1.29 

1.31 

1.32 

1.32 

1.31 

1.26 

P .05 . 

0.20 

0.11 

0.09 

0.06 

0.18 

0.26 

pH. 

4,8 

4.8 

4.8 

6.3 

7.2 

7.0 


A rather sharp change of reaction at the boundary between the A and B hori¬ 
zons from pH 4.8 to pH 6.3 might be the cause of the precipitation of sesquioxides 
in the B, leading to a slight relative decrease in silica in this horizon. The A 
horizon is thoroughly pervaded by abundant podzolic flour, which probably 
represents a residue of highly siliceous material. Most likely, it is fine silt and 
coaise clay stripped of iron and manganese oxides and other coloring constituents. 
Whatever its origin or character, however, the mere presence of the podzolic 
flour is an indication that silica, or at least a hi^y siliceous material, remains in 
place, w^hereas the other constituents move out. 

A greater content of silica in the A in comparison with that in the B and C 
could hardly be attributed to a stronger leaching of the lower horizons, because 
such an explanation would lead to the wholly untenable assumption that the 
C horizon is affected by leaching to a greater extent than the A. 

We are fully aware that this reasoning does not prove the absolute immobility 
of silica throughout the profile of Dayton silt loam. We assume, however, that 
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the changes in content of silica in different horizons must he rather insignificant 
as compared -with those of various other constituents and that the losses and 
gains of these constituents calculated in respect to silica are not very far from 
the true losses and gains. On the assumption of relative stability of silica, the 

TABLE 6 


Content o/ various constituents in the gran^egyivalenis of the soil in different horizons of 
Dayton silt loam and relative losses and gains of these constituents in respect to silica 



CONTENT PEE GKA1C-SQT7IVALEKT OE THE SOIL 

XOSS OR GAIN PER 100 GIC. OP PARENT KATERIAL 


Ai 

Ai 

As-B 

B 

B-C 

C 

Al 

As 

As-B 

B 

B-C 


gm. 

gm. 

gm. 

gm. 

gm. 

gm- 

gm. 

gm- 

gm. 

gm. 

gm. 

Si02. 

65.44 

65.44 

65.44 

65.44 

65.44 

65.44 






AlaOs . 

11.31 

12.22 

13.31 

19.62 

18.48 


-6.75 

-5.84 

-4.76 

+1.56 

+0.42 

Fe*0«. 

3.27 

3.92 

4.47 

9.06 


7.31 

-4.04 

-3.39 

-2.84 

+1.76 

+1.39 

CaO. 

0.84 


0.83 

1.50 

2.13 

2.18 

-1.34 

-1.32 

-1.35 

-0.68 

-0.05 

. 

0.72 


0.96 

2.00 

2.17 

2.13 

-1.41 

-1.33 

-1.17 

-0.13 

+0.04 

KjO. 

1.91 


1.86 

1.45 

1.55 

1.92 

-0.01 



-0.47 

-0.37 

Na^sO . 

1.08 

1.17 

1.14 

0.91 

1.16 


-0.22 

-0.13 

-0.16 

-0.39 

-0.14 

MnO. 

0.07 


0.07 

0.16 



-0.07 


-0.07 

+0.02 

-0.01 

TiOj. 

1.11 

1.15 

1.18 

1.34 

1.33 

1.26 

-0.15 

-0.11 


+0.08 

+0.07 

PjO.. 

i 

0.17 


0.08 

0.06 



-0.09 

-0.16 

-0.18 

-0.20 

-0.08 

Total... 

85.92 


89.34 




m 



+1.54 

+1.27 


TABLET 

Total losses and gains of various constituents in different horizons of Dayton siU loam 


HORIZON 

VOLXnCE 

PACIOR* 



CaO 

MgO 

KaO 

NaaO 

OTHER 

ELEICENTS 

(net) 

NET 

LOSS OR GAIN 

percolounZ 



gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

A,. 

2.3 

-16 

-9 

-3 

-3 

? 

? 

? 


A,. 

9.1 

-53 

-31 

-12 

-12 

? 

? 

? 


Ar-B. 

4.5 

-21 

-13 

-6 

-5 

? 

? 

? 


Total per cdiimB 










Za . 

15.9 

-90 

-53 

-21 

-20 

? 

? 

about —8 

about —192 

B. 

11.8 

+18 

+21 

-8 

-2 

-6 

-5 

? 


B-C. 

8.0 

+3 

+11 

.... 

.... 

-3 

-1 

? 


Total per column 










Zb . 

19.8 

+21 

+32 

-8 

-2 

-9 

-6 

? 

about +28 


*The present thickness of the horizon corrected according to the parent material 
quotient. 


data in table 5 are recalculated upon the parent material quotient and 
again upon the volume factor. As the constant factor (K), 65.44 gm. of silica, 
which is present in 100 gm. of the presumab]^ unmodified parent material, is 
assumed. The results of these calculations are presented in tables 6 and 7. 
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The derived data in table 6 are expressed in grains per 100 gm. of the origLaal 
material} and those in table 7, in grains per column Tt extending throughout the 
corresponding horizon. The relative loss^ and gains are determined by the 
difference between the content of any constituent in 100 gm. of the parent 
material and in the equivalent amount of the modified material in a given soil 
horizon. The total losses and gains shown in table 7, are only roughly approxi¬ 
mate. Estimates of losses and gains of the minor elements with such an approxi¬ 
mation are not trustworthj’*, and, therefore these data are not included in table 7. 

Migration cf the eesquioxides. The data in table 7, show that about 31 per 
cent of the alumina and about 46 per cent of the iron oxide® have been leached 
from the A horizon, including Ai, A 2 , and AsrB. About 23 per cent of the 
alumina and about 60 per cent of the iron oxide which were leached from the A 
are retained in the B horizon. The remaining 77 per cent of alumina which was 
released in the A apparently is leached entirely from the soil profiOle. The fate 
of the remaining 40 per cent, or about 21 gm. per column Za, of iron oxide is less 
certain. Most likdy this amount of liberated iron was not diifted from the A 
horizon but was segr^ated in the large iron-manganese concretions which were 
not included in the soil sample taken for analysis because particles larger than 2 
mm. diameter are discarded in the routine preparation of samples for analysis. 
The data given by Drosdoff and Nikiforoff (5) on the iron content of the large 
concretions in this soil tend to support this view. 

The differences in percentage of the total alumina and iron oxide that was 
leached from the A and in percentage of the migrant alumina and iron oxide that 
was retained in the B, coupled with the difference in the fate of the remaining 
parts of liberated alumina and iron surest that the sesquioxides migrate from 
the A horizon into the B and farther down ind^endently of each other in a free 
state. No determination of free alumina was made, but 1.10 per cent of free 
iron oxide has been found in the A and 0.80 per cent in the B (in percentage of 
the whole soil). The content of total iron in the A 2 and B is 3.92 and 9.06 per 
cent, respectivdy which indicates that about 28 per cent of the total iron in the 
A 2 horizon is in the form of free oxide, whereas in the B only about 9 per cent is 
free. Perhaps, the difference in percentages of free iron in these horizons is due 
to the fact that the A 2 horizon is a zone of rdease, whereas the B horizon is a 
zone of secondary fixation of iron in which the isomoiphous replacement may 
play an important part. 

^ The fonnifia employed in calculating the percentages is as follows: 

100-B 


in which x is the total loss or gain of a ^ven substance in percentage of the total amount 
of this substance in the 0 100 gm. of parent material; R is the total loss or gain of this sub¬ 
stance in a ^ven soil horizon; v is the volume factor of this horizon; and A is the amount of 
the same substance in 100 gm. of the parent material (percentage). For example, if 100 gm. 
of parent material contains 18.06 gm. of alumina and if the volume factor of the A horizon is 
15.8, then the ori^al content of alumina in column Za was 15.8 X 18.06, or about 285 gm. 
The total loss of alumina from such a column is about 90 gm., which makes up about 31 per 
cent of the orignal amount. 
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The combined loss of sesqnioxides in the A horizon is about 143 gm. per column 
Za, whraeas the loss of clay from such a column, as shown by mechanical analysis, 
amounts to about 100 gm. It may be a^umed, therefore, that the rdease of 
free s^quioxides in the A depends in part upon the decompomtion of the material 
coarser than day, especially of silt. The combined gain of sesquioxides in the 
B is about 53 gm. per column whereas the gain of clay in this column is 
about 450 gm. Thus, the sesquioxides which were transfenred from the A into 
the B constitute only about 12 per cent of the increase in the content of clay in 
the B. 

Migraiion of lime and magnesia. The data in table 7 diow that about 60 per 
cent of the total lime and magneda was leached from the A horizon. Unlike 
the sesquioxides, ndther lime nor magnesia that was leached from the A is re¬ 
tained in the B. To the contrary, leaching of lime continues throu^out the B, 
althou^ to a lesser extent tban jn the A. The leaching of magnesia from the 
B is not certain. The leaching of both lime and irugnesia ceases in the lower¬ 
most part of B, i.e., in the B-C horizon. 

The amounts of lime and magn^ia which were leached from different horizons 
do not represent the extent of the decomposition of the minerals that carry these 
bases. A relatively large part of the rdeased calcium and magnesium is retained 
in the soil in exchangeable form. As will be shown in part II,* a large part of the 
calcium stiU present in certain horizons of this soil is in the exchangeable form 
with little combined calcium left. Considerably less exchangeable magnesium 
has been found, and the greater part of the magnesium left is in the combined 
form. It is probable, however, that the primary noagnesium minerals have 
decomirosed, releasing magnesia, which has recombined with silica and alumina 
to form the secondary clay minerals. 

Migraiion qf the dkaU hoses. The data in table 7 show that, unlike the lime 
and magneda, the soda and potash are leached from the B horizon to a greater 
extent than from the A. Asa matter of fact, these data show no leaching of potash 
and the removal of a very small and imcertain amount of soda from the A horizon, 
whereas about 23 per cent of these oxides were leached from the B. The re¬ 
leased soda and potash, like most of the released lime and magnesia, are leached 
entirely from the soil profile. Anal 3 r 8 is of the exchangeable bases shows a very 
small amount of the exchangeable sodium and potasdum (table 4, part II).' 
Thus, it may be assumed that almost all potash and soda left in the soil is in the 
combined form. 

These data indicate that in the A horizon the soda and especially the potash 
minerals are rdatively more stable than the lime and magnesia minerals, whereas 
in the B horizon the behavior of these two groups of minerals tends to be re¬ 
versed, which suggests a certain qualitative difference between the precedes 
which control the devdopment of &e A and B horizons respectively. 

Migratum qf ^ miner dements. A loss of about 50 per cent of man^uaese 
in the A horizon is significant. Such a loss, however, most Ukely is due to the 
s^r^tion of manganese in the laige iron-nianganese concretions rather than 

* Hkiforoff, C. C., and Drosdoff, M. Genesis of a claypan soil: II. SoU Sci. fin press). 
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to the ndgration of maaganese. There is a probability of migration from the 
A into the B horizon of a rather small part of titania and also of the loss of phos¬ 
phorus in both A and B horizons. 

Summary on migraMon .—^The A horizon including the Ai, Aj, and Aj-B of 
Da 3 rton dlt loam has lost throu^ leaching about one third of the alumina, about 
one half of the iron oxide, about two thirds of the lime and Tnfl.gnpRia, and prob¬ 
ably some parts of soda, titania, and phoi^horus. The combined loss of all 
constituents amounted to about 192 gm. per column Za, which had an initin.! 
wei^t of about 1,590 gm. Thus, the total loss due to leaching amounted to 
about 12 per cent by wd^t of the original material. This loss caused a relative 
increase in content of silica in the residue from 65.44 to about 74.6 per cent. 

The mechanical analysis showed that about half of the combined total loss in 
the A horizon was from the clay and the other half from the silt. A small de¬ 
crease in contest of silt and clay in the A was due to the formation of concretions. 

Less than one third of the alumina and about two thirds of the iron oxide which 
were shifted from the A were retained in the B. The remaining iron oxide and 
very likdy all the manganese oxide lost in the A were s^regated m the iron- 
manganese concretions. The remaining part of the alumina as well as all the 
lime and magnesia were leached entirely from the solum. Leaching of lime 
continued throu^out the B. Leaching of the alkali bases from the A is uncer¬ 
tain, whereas the B lost about one fourth of these bases. 

Only about one fomrth of the material that was moved out from the A was 
retained in the B, whereas the other three fourths were leached entirely from the 
soil togeth^ with a small amount of material lost by the B itself. Thus, the 
material that was shifted from the A into the B made up only a small part of the 
increase m content of clay in the B horizon. 

Most of the day which accumulated in the B was formed in place by the 
decompodtion of ^t. It follows that migration was rdativdy unimportant for 
the formation of the daypan. The details of the formation of the clay in place 
are discussed in part II of this paper.’ 
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manganese, 29-^ 
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practical applications— 
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wind erosion, 275-289 
water-stable, formation in puddled soil, 
289-301 

textural grading, application of controlled 
dispersion, 417-426 

water-holding capacity, relationship of 
natural vegetation, 433-449 
Soybeans, relation of composition of sand 
and silt separates to growth and com¬ 
position, 265-273 

Tobacco, relationship of potassium to 
quality, 79-85 

Water-holding capacity, see Soil, water¬ 
holding capacity 
Zinc, uptake by barley roots— 
effect of clay mineral, 257-264 
from Zn-bentonite, 257-258 
from Zn-Eaolinite, 257-258 
significance of free electrolytes, 261-262 







